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ABSTRACT 


The  aquatic  filamentous  bacteria  (Cyanobacterium)  Lyngbya  majuscula  is  a 
nitrogen- fixer  found  in  coastal  waters  often  attached  or  adjacent  to  sea  grass,  algae  and 
coral.  It  is  characterized  by  phycobiliproteins,  unique  pigments  found  only  in 
cyanobacteria.  To  sustain  photosynthesis  and  nitrogen  fixation,  L.  majuscula  requires 
iron  proteins  and  is  therefore  sensitive  to  the  availability  of  this  metal.  The  hypothesis 
tested  in  this  study  concerns  the  potential  use  of  hyperspectral  imaging  in  detecting  L. 
majuscula  in  coastal  regions  as  biological  indicators  for  the  presence  of  iron  debris  or 
metal  objects  in  the  littoral  environment.  This  concept  would  have  potential  benefits  and 
applications  in  mine  detection  and  countermeasure  techniques.  Using  a  USB2000  field 
spectroradiometer,  a  spectral  library  was  developed  for  the  benthic  substrates  of  Midway 
Atoll,  Northwest  Hawaiian  Islands,  spectrally  characterizing  L.  majuscula  and  the 
surrounding  coral  reef  substrates.  The  data  was  analyzed  to  determine  unique  spectral 
characteristics  of  the  benthic  cyanobacteria  in  a  mixed  coral  environment  and  evaluated 
against  the  resampled  spectral  resolution  of  a  number  of  hyperspectral  sensors:  Airborne 
Visible/Infrared  Imaging  Spectrometer  (AVIRIS),  Hyperspectral  Mapper  (HyMap)  and 
Compact  Airborne  Spectrographic  Imager  (CASI).  The  results  of  the  in  situ 
spectroscopy  suggest  a  strong  potential  for  all  three  sensors  to  detect  these  cyanobacteria 
in  a  mixed  coral  reef  environment  at  four  distinct  wavelengths  attributable  to 
phycobiliprotein  pigment  absorptions  unique  to  cyanobacteria.  Of  these  four 
discriminative  absorption  ranges,  the  phycoerythrin  absorption  of  565-576  nm  shows  the 
greatest  potential  for  segregating  cyanobacteria  from  a  mixed  algal/  coral  /  sand 
environment  so  long  as  the  coral  Montipora  spp.  is  not  present  within  the  scene,  since  it 
has  an  overlapping  absorption  in  those  wavelengths.  In  the  presence  of  Montipora  corals, 
these  cyanobacteria  are  more  difficult  to  detect.  However,  in  a  mixed  environment 
composed  of  L.  majuscula  and  Montipora  corals,  the  cyanobacteria  can  be  distinguished 
by  a  different  phycocyanin  absorption,  at  615-632  nm. 
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I.  INTRODUCTION 


Current  naval  doctrine  requires  a  thorough  knowledge  of  the  water  column  and 
the  objects  (man-made  or  natural)  located  along  the  coastline,  especially  in  the  case  of  a 
potentially  hostile  nation.  With  the  proliferation  of  inexpensive,  yet  effective,  coastal 
mining  technologies  this  issue  has  become  an  increasing  challenge  for  the  Unites  States 
Navy.  Traditionally,  mine  countermeasures  have  required  the  use  of  ships  and  aircraft 
equipped  with  specialized  sonar  sensors  to  detect  coastal  mines  and  neutralize  them,  an 
activity  that  can  place  ships  and  sailors  at  risk.  Depending  on  the  constitution  of  the 
ocean  floor,  bottom  mines  for  example  can  become  buried  under  silt,  sand  or  marine 
vegetation,  making  them  nearly  impossible  to  detect  even  with  the  most  sophisticated 
sonar  equipment.  The  United  States  in  its  de-mining  operations  would  therefore  greatly 
benefit  from  new  technologies,  like  optical  remote  sensing,  facilitating  detection  of 
coastal  mines.  One  appealing  remote  sensing  method  for  detecting  coastal  mines  is 
hyperspectral  imagery  from  airborne  or  space-borne  assets.  Hyperspectral  data  offers  a 
more  detailed  view  of  the  spectral  properties  of  the  Earth’s  surface  and  can  provide 
specific  clues  as  to  the  materials  that  constitute  it.  Previous  work  using  hyperspectral 
imaging  in  mine  detection  has  been  carried  out  on  terrestrial  environments  either  with 
little  success  (McFee,  1996),  or  relying  on  proxies  that  exploited  the  Near  Infrared  (NIR) 
range  of  the  spectrum  (Maathuis  and  Van  Genderen,  2004),  which  cannot  be  used  in 
marine  environments,  since  IR  radiation  is  quickly  absorbed  in  water.  Very  limited  work 
has  been  carried  out  in  littoral  environments,  with  the  exception  perhaps  of  promising 
ongoing  efforts  pairing  hyperspectral  imaging  and  LIDAR  data  in  mine  detection 
exercises,  which  have  yet  to  be  published. 

The  types  of  mines  found  in  littoral  environments  (bottom,  moored  and  surface 
mines)  all  have  common  materials  used  in  their  construction;  explosives,  electronics, 
metal  and  plastics.  If  any  of  these  constituents  can  be  reliably  detected,  then  perhaps 
hyperspectral  imaging  could  be  employed  to  detect  mines  more  effectively  than  in  situ 
methods  from  ships.  The  metal  constituents  of  the  mine  structure  could  be  a  promising 
start,  but  unfortunately,  metal  is  a  generic  term,  comprising  a  variety  of  different  metals 

and  alloys  that  are  often  spectrally  non-unique.  However,  it  may  be  possible  to  identify 
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submerged  metal  objeets,  sueh  as  mines,  using  biologieal  indieators,  i.e.  organisms  that 
may  refleet  the  presenee  of  metallie  materials  on  or  near  the  bottom  of  the  oeean,  so  long 
as  light  penetration  is  sufficient  to  facilitate  the  photosynthetic  process.  It  has  been 
hypothesized  (Siciliano,  2002)  that  one  such  biological  indicator  in  tropical  and 
subtropical  marine  environments  could  be  represented  by  benthic  cyanobacteria  such  as 
Lyngbya  majuscula,  microorganisms  that  use  iron  proteins  as  a  catalyst  in  the  biological 
process  of  fixing  nitrogen,  and  that  bloom  in  the  presence  of  an  iron-leaking  submerged 
object. 

The  objective  of  this  research  was  to  spectrally  characterize  the  cyanobacteria 
Lyngbya  majuscula  and  identify  potential  differences  between  its  reflectance  spectra  and 
those  of  the  surrounding  substrates.  Midway  Atoll,  in  the  Northwest  Hawaiian  Islands, 
was  examined  for  presence  and  distribution  of  Lyngbya  majuscula  and  a  spectral  library 
was  built  using  both  L.  majuscula  and  the  surrounding  coral  reef  substrates.  This  data 
was  then  analyzed  and  compared  with  the  ultimate  goal  of  1)  determining  if  unique 
spectral  characters  existed  to  identify  benthic  cyanobacteria  in  the  mixed  coral  reef 
environment  investigated,  and  2)  address  the  feasibility  of  currently  available 
hyperspectral  sensors  such  as  Airborne  Visible/Infrared  Imaging  Spectrometer  (AVIRIS), 
Hyperspectral  Mapper  (HyMap)  and  Compact  Airborne  Spectrographic  Imager  (CASI)  to 
detect  this  biological  indicator,  hence  the  presence  of  iron  objects  in  the  littoral 
environment. 
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II.  BACKGROUND 


A.  HISTORY  OF  REMOTE  SENSING  FOR  INTELLIGENCE  PURPOSES 

Remote  Sensing  is  the  proeess  of  aequiring  information  about  an  objeet  by  a 
reeording  deviee  that  is  not  physically  connected  to  the  object  itself  (Lillesand  and 
Kiefer,  1994).  This  concept  has  been  militarily  significant  since  the  Civil  War. 
Thaddeus  Lowe,  an  entrepreneur  and  balloonist,  in  1861  flew  more  than  1,000  feet  above 
Arlington,  Virginia,  telegraphing  intelligence  information  about  the  Confederate  Army 
positions  to  the  Union  Army.  Using  that  information  a  successful  firing  was  carried  out 
against  the  Confederate  troops,  who  were  more  than  three  miles  away  in  Falls  Church, 
Virginia,  Figure  1.  The  first  aerial  surveillance  success  had  actually  come  in  July  1861 
above  Fort  Monroe  by  John  LaMountain,  who  was  later  dismissed  from  Union  Service  by 
General  McClellan  for  the  favored  Lowe  (U.S.  Centennial  of  Flight  Commission,  2006, 
1113). 


Figure  1 .  Thaddeus  Lowe  flying  Intrepid  for  Union  Army  during  a  Civil  War  battle. 

From  Library  of  Congress. 

After  the  civil  war,  and  prior  to  the  Wright  brothers’  aircraft  inventions,  remote 
sensing  in  the  form  of  aerial  photography  was  actually  carried  out  by  pigeons,  in  1903, 
Figure  2.  These  birds  were  more  difficult  to  shoot  down  and  were  equipped  with  cameras 
designed  to  take  photographs  every  thirty  seconds  between  their  launching  base  and  their 
home  shelter  (Jensen,  2000).  Despite  their  increased  stealthy  profile,  they  were  a  tasty 
treat  for  a  few  hungry  skilled  sharpshooters. 
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Figure  2. 


Bavarian  Pigeon  Corp  of  1903.  From  NASA’s  Observatorium. 


The  first  “human”  aerial  photography  experiment  was  carried  out  in  1908  by 
Wilbur  Wright’s  passenger,  L.  P.  Bonvillain,  during  a  demonstration  flight  in  France.  By 
the  time  of  the  Great  War,  1914-1918,  the  military  implications  of  aerial  photography 
were  fully  recognized  by  Germany,  who  took  as  many  as  4,000  photographs  a  day,  and 
the  U.S.  Army,  who  produced  more  than  a  million  pictures  over  a  four-month  period 
(NASA’s  Observatorium,  2006). 

October  14,  1957,  marked  the  launch  of  the  Soviet  satellite  Sputnik  which  was 
shortly  followed  by  the  U.S.’s  launch  of  its  first  satellite.  Van  Allen’s  Explorer 
spacecraft,  on  January  31,  1958,  marking  the  beginning  of  the  space  race.  Recognizing 
the  strategic  and  tactical  capabilities  of  this  new  technology.  President  Eisenhower  signed 
the  approval  for  the  Corona  program  in  Eebruary  1958  (Olsen,  2006).  Although  Corona 
had  many  failed  missions  early  in  its  existence,  it  soon  became  the  gold  standard  for 
remote  sensing  as  it  provided  safe  unprecedented  intelligence  access  to  otherwise 
inaccessible  territories  (Olsen,  2006),  see  Eigure  3.  Today,  several  nations  employ 
satellite  remote  sensing  for  intelligence  purposes  as  well  as  for  commercial  and 
environmental  monitoring. 
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Figure  3.  First  Imagery  Taken  By  CORONA  -  Mys  Shmidta  Air  Field,  USSR  18 
Aug  1960.  Retrieved  from  http://www.nro.gov/corona/imagery.html 

B,  OPTICAL  REMOTE  SENSING 

Remote  sensing  can  be  passive  or  active.  Passive  remote  sensing  makes  use  of 
sensors  that  detect  the  reflected  or  emitted  electro-magnetic  radiation  from  natural 
sources,  while  active  remote  sensing  uses  sensors  that  detect  reflected  responses  from 
objects  that  are  irradiated  from  artificially-generated  energy  sources,  such  as  radar 
(Lillesand  and  Kiefer,  1994).  This  thesis  focuses  on  hyperspectral  imaging,  a  type  of 
passive,  optical  remote  sensing. 

Optical  remote  sensing  exploits  visible,  near  infrared  and  short-wave  infrared 
sensors  to  fashion  images  of  the  earth's  surface  by  detecting  the  solar  radiation  reflected 
from  targets  on  the  ground  (Olsen,  2006).  Since  different  materials  reflect  and  absorb 
differently  at  different  wavelengths,  targets  can  be  differentiated  by  their  spectral 
reflectance  signatures  in  the  remotely  sensed  images.  Optical  remote  sensing  systems  are 
classified  into  the  following  types,  depending  on  the  number  of  spectral  bands  used  in  the 
imaging  process:  panchromatic,  multispectral,  and  hyperspectral  imaging  (Olsen,  2006). 
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Panchromatic  imaging  systems  are  comprised  of  a  single  ehannel  detector 
sensitive  to  radiation  within  a  broad  wavelength  range.  When  the  wavelength  range 
eoincides  with  the  visible  range,  the  resulting  image  appears  to  be  a  "blaek-and-white" 
photograph  taken  from  spaee  (Olsen,  2006).  The  physical  quantity  being  measured  is  the 
apparent  brightness  of  the  targets;  however,  the  spectral  information  of  color  is  lost. 

Multispectral  imaging  systems  employ  a  multi-channel  deteetor  with  a  few 
spectral  bands.  Each  of  the  channels  is  responsive  to  radiation  from  a  narrow  wavelength 
band.  The  resulting  image  is  a  multilayer  image  that  has  both  the  brightness  and  spectral 
(color)  information  of  the  targets  being  imaged  (Olsen,  2006). 

Hyperspectral  Imaging  Systems  aequire  images  in  about  a  hundred  or  more 
contiguous  spectral  bands  (Olsen,  2006).  Because  of  this  high  spectral  resolution,  precise 
spectral  information  contained  in  a  hyperspeetral  image  provides  an  improved 
charaeterization  and  identification  of  targets.  Hyperspeetral  images  have  potential 
applieations  in  fields  sueh  as  preeision  agriculture  (e.g.  monitoring  the  types,  health, 
moisture  status  and  maturity  of  crops),  and  coastal  management  (e.g.  monitoring  of 
phytoplankton,  pollution,  bathymetry  ehanges)  (Barnes  et  al,  1994),  in  addition  to  a  range 
of  others. 

C.  SPECTRAL  REMOTE  SENSING 

1,  Spectral  Recognition 

While  experimenting  with  light  in  1666,  Sir  Isaac  Newton  used  a  prism  to  split 
light  into  a  speetrum  of  red,  orange,  yellow,  green,  blue,  indigo  and  violet.  Figure  4. 
Through  utilization  of  a  seeond  prism,  he  was  able  to  recombine  the  colors  into  white 
light  (Estes,  1999). 
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Figure  4.  Example  of  a  prism  splitting  light  into  a  multi-eolor  speetrum. 

In  1802,  English  chemist  William  Hyde  Wollaston  became  the  first  to  observe 
dark  lines  in  the  solar  spectrum,  and  in  1814  German  physicists  Joseph  Fraunhofer 
rediscovered  these  dark  absorption  lines  (Olsen,  2006).  However,  Fraunhofer  discovered 
that  different  stars  in  the  solar  system  had  different  dark  lines  when  compared  to  each 
other  and  the  sun;  see  Figure  5.  It  is  now  understood  by  scientists  that  these  absorption 
lines  are  critical  clues  to  the  composition  of  a  solar  body’s  atmosphere.  Goetz  et  al. 
(1985)  first  demonstrated  the  ability  to  use  these  unique  spectral  features  to  determine  the 
Earth’s  surface  materials  composition  through  spectral  imaging;  specifically 
hyperspectral  imaging.  Additionally,  Goetz  et  al.  (1985)  pointed  out  the  ability  of  this 
technique  in  a  variety  of  applications,  such  as  in  determining  the  mineral  composition  of 
a  site  as  a  way  to  extract  important  geological  information;  as  well  as  determining 
vegetation’s  health  to  obtain  ecological  information  about  a  particular  site. 
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Figures.  A  high  resolution  version  of  the  spectrum  of  our  Sun.  Copyright 
N.A.Sharp,  NOAO/NSO/Kitt  Peak  FTS/AURA/NSF. 

2,  Hyperspectral  Imaging 

The  importance  of  hyperspectral  imaging  has  grown  in  the  past  two  decades  as  a 
method  for  classifying  material  types  on  the  Earth’s  surface.  It  is  especially  beneficial 
for  agricultural  studies,  forestry  management,  mineral  exploration,  environmental 
monitoring  and  national  security.  These  sensors  scan  an  image  and  measure  the  spectrum 
of  electromagnetic  radiation  reflected  by  the  Earth’s  surface  in  each  of  the  image  “picture 
element”  (pixel).  The  spectra  from  each  pixel  can  be  analyzed  to  determine  its 
components  and  scaled  up  to  determine  the  earth’s  surface  materials  present  in  the  entire 
image,  as  illustrated  in  Eigure  6. 
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Figure  6.  Hyperspectral  image  cube,  taken  from  NEMO  Project  Office,  United 

States  Navy,  2006 


D.  REMOTE  SENSING  SYSTEMS  FOR  OCEAN  APPLICATIONS 

There  are  a  number  of  remotes  sensing  system  available  today,  many  of  which  are 
used  in  ocean  monitoring.  This  thesis  seeks  to  provide  information  on  a  selected  few:  the 
Airborne  Visible/Infrared  Imaging  Spectrometer  (AVIRIS),  Ocean  Portable 
Hyperspectral  Imager  for  Low-Light  Spectroscopy  (Ocean  PHILLS),  Compact  Airborne 
Spectrographic  Imager  (CASI),  and  Hyperspectral  Mapper  (HyMap).  The  selection  was 
made  based  on  sensors  that  could  be  used  in  a  future  deployment  at  Midway  Atoll  or 
other  similar  littoral  environments. 

1.  AVIRIS 

In  1983,  the  Jet  Propulsion  Labs  (JPL)  proposed  a  design  for  a  hyperspectral 
imager  that  would  capture  224  contiguous  spectral  channels  (Goetz  et  ah,  1985).  Later  in 
1987,  JPL  flew  the  Airborne  Visible/Infrared  Imaging  Spectrometer  (AVIRIS),  which 
became  the  benchmark  for  spectral  imagers  (Short,  2006).  AVIRIS  has  a  unique  optical 
sensor  that  provides  calibrated  images  of  spectral  radiance  from  400  to  2500  nanometers 
(nm).  It  has  been  flown  on  the  National  Aeronautics  and  Space  Administration’s 
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(NASA)  ER-2  jet,  Twin  Otter  International’s  turboprop,  Sealed  Composites’  Proteus  and 
NASA’s  WB-57  (www.aviris.nasa.jpl.gov).  Each  spectral  band  has  a  nominal  width  of 
10  nm  with  a  spatial  resolution  that  is  dependent  on  the  altitude  of  the  sensor  Eigure  7. 
When  flying  on  the  ER-2  at  20  km  altitude,  each  pixel  is  approximately  20  meters, 
providing  a  ground  swath  on  the  order  of  1 1km.  Conversely,  when  operated  from  the 
Twin  Otter  at  4  km  altitude,  each  ground  pixel  is  4-m  square  with  a  2-km  wide  ground 
swath.  AVIRIS  is  a  “whiskbroom”  scanner  that  it  utilizes  a  mirror  to  sweep  back  and 
forth  to  produce  677  pixels  for  the  224  detectors.  The  detectors  are  made  of  Silicon  (Si) 
for  the  visible  spectrum  while  indium  gallium  arsenide  (InGaAs)  is  used  for  the  near 
infrared  (NIR)  and  indium-antimonide  (InSb)  is  used  for  the  short-wave  infrared  (SWIR) 
detectors.  Given  AVIRIS ’s  high  spectral  resolution,  it  has  proven  to  be  a  good  choice 
imager  for  remote  sensing  projects  focusing  on  the  marine  environment  (e.g..  Gross  et  ah, 
1988;  Richardson  and  Kruse,  1999;  Siciliano  et  ah,  2001. 


2006. 

2.  Ocean  PHILLS 


The  Ocean  Portable  Hyperspectral  Imager  for  Low-Light  Spectroscopy  (Ocean 
PHILLS)  was  specifically  designed  for  hyperspectral  imaging  of  the  coastal  ocean.  It 
actually  consists  of  a  series  of  imagers  that  were  initially  designed  and  fielded  in  1994  by 
the  Naval  Research  Laboratory  (NRL).  The  sensor  is  a  “push-broom”  scanning 
instrument  designed  for  obtaining  good  returns  around  the  400-45 Onm  (blue)  range, 
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critical  for  most  ocean  applications,  with  128  spectral  channels  of  approximately  4.6  nm 
resolution.  Two  key  elements  of  Oeean  PHILLS  are  its  VS- 15  Offner  spectrograph  and 
the  thinned  backside-illuminated  CCD  cameras.  Uniquely,  all  of  the  eomponents  used  to 
build  Ocean  PHILLS  were  eommercially  available  (Davis  et  al,  2002).  A  sample  image 
is  provided  in  Figure  8. 


Figure  8.  Lee  Stocking  Island  and  Norman’s  Pond  Cay  1  June,  1999,  9:00  -  10:00 
am  NRL  Oeean  PHILLS  hyperspeetral  data  shown  as  true  Color  RGB  image. 

From  Davis  (2002). 
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3.  CASI 

The  Compact  Airborne  Spectrographic  Imager  (CASI)  was  designed  by  Itres 
Research  Limited  of  Calgary,  Canada  (McFee  and  Ripley,  1997).  It  is  a  push-broom 
imaging  spectrograph  capable  of  acquiring  visible  and  near  infrared  hyperspectral 
imagery  over  288  bands  anywhere  between  400-1,000  nanometers  by  using  a  diffraction 
grating  to  spread  the  slit  image  across  a  two  dimensional  charge-coupled-device  (CCD) 
(McFee  and  Ripley,  1997).  There  are  two  modes  of  operation  available  for  CASI;  spatial 
and  spectral,  each  maximizing  either  the  spatial  or  the  spectral  resolution  in  the  tradeoff 
Particularly  important  to  the  application  discussed  in  this  thesis  is  that  the  wavelengths 
and  bandwidths  of  CASI  can  be  specified  by  the  customer  hiring  the  sensor,  with  their 
configuration  depending  on  the  areas  being  surveyed  and  the  target  features  to  be 
detected  (Green  et  ah,  2000).  Spatial  resolution  is  variable  based  upon  the  altitude  from 
which  the  imager  is  flown,  airspeed,  and  sensor  integration  or  exposure  time  (Smith  et  ah, 
2000).  Spectrally,  CASI  has  an  average  resolution  of  3  nm  (Lewotsky,  1994).  The 
number  of  CASI  bands  available  is  limited  by  the  scanning  speed  of  the  instrument  and 
depends  on  the  spatial  resolution.  For  example.  Green  et  ah,  (2000)  report  that  at  a  pixel 
size  of  Im,  a  maximum  of  8  bands  can  be  specified;  at  3m  this  increases  to  15  .  CASI  has 
been  used  in  several  marine  projects  involving  the  determination  of  bottom  types  and 
marine  habitats.  One  such  study  was  by  Borstad  et  al.  (1997)  for  the  Ministry  of 
Fisheries  and  Marine  Resources  of  the  Republic  of  Mauritious.  The  study  showed  an 
example  of  the  technology  for  classification  of  coastal  bottom  types  for  hydrographic 
purposes;  see  mapping  example  in  Figure  9.  A  notable  and  often  cited  application  of 
CASI  to  marine  environments  is  the  work  by  Mumby  et  al.  (1998)  in  the  Turks  and 
Caicos  Islands  in  the  Caribbean  Sea. 
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Figure  9.  Coastal  classification  example.  Taken  from  Borstad  Industries. 

4.  HYMAP 

The  Hyperspectral  Mapper  (HyMap)  was  developed  in  Australia  (Cocks  et  al., 
1998)  and  operated  by  Hy Vista  Corporation  around  the  world,  including  extensive  sites 
in  the  U.S.  (Kruse  et  al,  2000).  Although  originally  designed  with  96  channels  operating 
over  a  wavelength  range  of  550  -  2500  nm,  it  was  later  improved  to  128  bands  covering 
450  -  2500  nm.  This  improvement  saw  the  addition  of  two  thermal  bands  (one  in  the  3-5 
pm  atmospheric  window  and  another  in  the  8-10  pm  spectral  regions).  FlyMap  has  a 
spectral  resolution  of  15  nm  in  the  UV/VIS  spectrum  and  approximately  20nm  in  the 
SWIR  (Cocks  et  al.,  1998).  The  sensor  is  typically  flown  on  a  Cessna  style  aircraft  at 
altitudes  ranging  from  2-5  km.  This  yields  a  spatial  resolution  of  2  -  10  m  over  a  swath 
ranging  2.3  -  4.6  km  along  track  based  on  a  60-degree  field  of  view  (Kruse  et  al.,  2000). 
Like  AVIRIS,  HyMap  is  a  “whiskbroom”  scanner  that  uses  diffraction  gratings  and  four 
32-element  detector  arrays  (one  silicon  and  three  liquid-cooled  Indium  Antimonide)  to 
produce  a  512-pixel  swath  (Kruse  et  al,  2000).  Originally,  HyMap  had  been  used 
primarily  to  determine  mineral  composition  over  terrestrial  targets,  but  later  has  also  been 
used  in  environmental  and  marine  research.  Jupiter  et  al.,  2002,  and  Siciliano,  2005,  for 
example  used  it  to  study  the  salt  marsh  plant  Salicornia  virginica  in  Elkhom  Slough, 
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California.  These  studies  highlighted  the  potential  of  using  HyMap  hyperspectral 
imagery  in  mapping  the  coastal  environment.  One  of  the  advantages  of  HyMap  over 
AVIRIS  is  its  small,  compact  size  and  portability  (Figure  10). 


Figure  10.  HyMap  sensor  mounted  in  Cessna  style  aircraft.  From 
http://www.intspec.com  on  October  13,  2006. 
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III. 


OPTICAL  REMOTE  SENSING  IN  MARINE  ENVIRONMENT 


A.  DEFINING  OPTICAL  MEASUREMENTS 

Collecting  optical  measurements  in  the  marine  environment  involves 
understanding  light  interactions  in  both  the  atmosphere  and  water.  Radiometry  measures 
electromagnetic,  or  radiant,  energy  (Mobley,  1994).  It  is  the  foundation  for  studies  of 
radiative  transfer  in  natural  waters,  as  light  is  merely  electromagnetic  energy  consisting 
of  photons  moving  at  a  speed  of  2.998x10  m  s'  (also  known  as  the  constant  c). 

1.  Irradiance 

As  light  energy  travels  from  the  sun,  the  energy  (photons  in  all  wavelengths,  P) 
per  unit  time  per  unit  area  of  the  sphere  decreases  as  a  matter  of  R-  (distance  from  the 

sun).  Equation  (1).  This  light  energy  is  called  irradiance  (Eg)  and  is  measured  in  watts 

_2 

per  square  meter  {W m  ). 


E,  ^  (Wm-^)  (1) 

2 

At  the  Earth’s  atmosphere,  irradiance  has  been  measured  to  be  1367  W  m'  (±  50) 
and  is  commonly  referred  to  as  the  solar  constant  (Mobley,  1994).  Upon  interaction  with 
the  atmosphere,  this  energy  becomes  extremely  variable  based  upon  solar  angle  and 
atmospheric  conditions  (e.g.  cloud  cover,  aerosols,  pollutants)  (Halliday  et  al,  2001). 
Typical  irradiances  at  sea  level  are  outlined  in  Table  1. 


Environment  Irradiance 

(W  m'^) 

Solar  constant  (for  comparison)  522 

Clear  atmosphere,  sun  near  the  zenith  500 

Clear  atmosphere,  sun  at  60°  from  the  zenith  450 

Hazy  atmosphere,  sun  at  60°  from  the  zenith  300 

Hazy  atmosphere,  sun  near  the  horizon  100 

Heavy  overcast,  sun  near  the  horizon  10 

Clear  atmosphere,  full  moon  near  the  zenith  1x10' 

Clear  atmosphere,  starlight  only  3x10'^ 

Cloudy  night  3x10'^ 

Clear  atmosphere,  light  from  a  single  bright  star  (U*  magnitude)  star  3x10'^ 


Clear  atmosphere,  light  from  a  single,  barely  visible  (6^*^  magnitude)  star  3x10'^^ 
Table  1.  Typical  total  (direct  plus  diffuse)  irradiances  at  sea  level  in  the  visible 
wavelength  ban  (400-700  nm).  Erom  Mobley  (1994). 
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To  detect  the  “downward”  photons  emitted  by  the  sun,  or  downward  irradiance, 
one  simply  needs  to  place  a  photon  collector  in  the  plane  for  viewing  the  source  of 
emission.  Equation  (2)  describes  the  measurement  of  spectral  downward  plane  irradiance 
{Ed)  with  respect  to  the  wavelength  structure  of  the  light  field. 


E^{x;t;E) 


Ag 

AtAAAA 


{W m  ^  nm  ') 


(2) 


JQ  is  the  radiant  energy  from  an  energy  source  over  time  (Jt)  which  is  incident 
upon  the  detector  element  of  area  AA  within  a  given  wavelength  band  (AX).  Irradiance  is 
the  radiant  energy  per  unit  time,  per  unit  area,  per  unit  wavelength  measured  in  watts  per 
square  meter  per  nanometer  (W n‘).  (Mobley,  1994). 

2.  Radiance 

a.  Radiance  Defined 

Radiance  describes  the  measure  of  light  that  passes  through  or  is  given  off 
by  an  object  and  falls  within  a  given  solid  angle  in  a  particular  direction  (Robinson, 
2004).  The  term  depicts  emissions  from  diffuse  sources  and  reflection-diffuse  surfaces. 
As  defined  in  Equation  (3),  radiance  is  dependent  on  direction  and  characterizes  the 
measurements  received  by  an  imaging  instrument  (Mobley,  1994). 


L{x;t;^;A.) 


Ag 

AtAAAQAA 


(W  m  ^  sr  ^  nm  ') 


(3) 


2  1  1 

Measured  in  watts  per  square  meter  per  steradian  per  nanometer  (W  m'  sr'  nm'  ), 
radiance  tells  us  the  amount  of  power  emitted  by  an  emitting  or  reflecting  object  that  can 
be  received  by  an  optical  system  looking  from  an  angle  of  view.  The  solid  angle  (Af2)  is 
subtended  by  the  optical  system’s  opening  or  aperture  from  the  direction  ^  (Mobley, 
1994),  as  seen  in  Eigure  11. 
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Collector  tube 


Figure  1 1 .  Schematic  design  of  an  instrument  for  measuring  unpolarized  spectral 

radiance.  From  Mobley  (1994). 


b.  Radiance  Invariance  Law 

One  fundamental  property  of  radiance  is  that  it  does  not  vary  along  the 
path  of  the  photon  when  in  a  vacuum.  As  a  result,  the  amount  of  radiation  arriving  to  the 
detector  has  no  dependence  on  the  distance  the  detector  is  from  the  emission  source 
because  the  source  radiance  (Lg  =  Oq  /  ArOr)  is  equal  to  the  received  radiance  (Lr  =  Oo  / 
AsOs)-  By  definition  of  the  solid  angle,  Equation  (4),  yields  Equations  (5)  through  (7) 
(Mobley,  1994). 


A  A 


=  QA=  A 


(4) 


L.  = 


= 


L=L^ 


(5) 

(6) 
(V) 


A  geometric  representation  of  the  radiance  inversion  law  is  illustrated  in  Eigure  12. 
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Figure  12.  Geometric  proof  of  the  radiance  invariance  law.  Redrawn  from  Cornell 

(2004) 

The  above  associations  are  only  valid  in  a  vacuum.  In  the  real  world, 
there  are  multitudes  of  objects  that  exist  within  our  atmosphere  that  causes  the  radiance 
from  the  surface  of  the  Earth  to  be  diffused,  reflected  or  diffracted  prior  to  be  received  by 
our  detector.  Several  models  exist  to  rectify  the  phenomenon  (Robinson,  2004). 

B.  INTERACTIONS  BETWEEN  LIGHT  AND  WATER 

Light  traveling  from  the  sun  to  the  surface  of  the  Earth  interacts  with  the 
atmosphere  and  its  particle  constituents,  affecting  the  photons  path  in  their  journey  to  the 
Earth’s  surface.  Radiative  transfer  scientists  have  been  able  to  reasonably  model  the 
atmosphere  in  order  to  interpret  remotely  sensed  images  more  accurately  and  allow 
spectral  classification  and  identification  of  the  earth’s  surface.  On  the  other  hand,  while 
the  earth’s  atmosphere  is  generally  assumed  to  be  relatively  homogeneous  in  these 
models,  the  interactions  between  light  and  water  are  more  complex  due  to  the  spatial  and 
temporal  variability  of  the  properties  of  the  liquid  medium  (Robinson,  2004),  so  that  the 
same  assumption  cannot  be  reasonably  applied  to  the  water  column.  Modeling  radiative 
transfer  in  the  water  column  in  therefore  a  more  uncertain  science  than  atmospheric 
modeling.  Water  can  be  categorized  into  three  broad  classes;  pure  water,  pure  seawater 
and  natural  waters.  Pure  water  contains  only  water  molecules  and  is  difficult  to  produce 
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even  in  a  laboratory.  Pure  seawater  is  similar  to  pure  water  with  the  added  eontent  of 
various  dissolved  salts;  again  not  found  in  nature  and  diffieult  to  produee.  Natural  waters 
(the  category  to  which  the  water  bodies  found  on  the  earth’s  surface  belong)  have  a 
variety  of  dissolved  and  particulate  substances  that  vary  greatly  because  of  their  biologic, 
physical  and  chemical  influences  (Mobley,  1994),  and  greatly  affect  radiative  transfer  in 
this  medium.  The  optical  properties  of  water  have  been  broken  into  two  broad  optical 
categories:  Inherent  Optical  Properties  (lOP)  and  Apparent  Optical  Properties  (AOP). 

1,  Inherent  Optical  Properties  (lOP) 

As  light  propagates  through  water  it  will  either  become  absorbed,  scattered  or 
transmitted  depending  upon  the  type  and  amount  of  molecular  or  particulate  matter 
present  in  the  water  column.  The  properties  that  describe  these  interactions  are  known  as 
inherent  optical  properties  (lOP)  (Robinson,  2004).  lOPs  are  defined  as  those 
properties  that  depend  solely  upon  the  medium  and  are  independent  of  the  light  field 
within  the  medium  (Mobley,  1994).  An  illustration  of  incident  radiant  light  from  a 
narrow  collimated  beam  of  monochromatic  light  with  a  power  tPi(/l),  W  nm‘'  passing 
through  a  volume  of  water  is  represented  in  Figure  13  and  will  help  visualize  the  different 
lOPs. 


Figure  13.  Geometry  used  to  define  inherent  optical  properties.  From  Mobley 

(1994). 


As  light  passes  through  this  medium,  three  things  occur.  A  portion  of  is  being 
absorbed  by  the  molecules  within  the  volume  (tPfl(2))  while  yet  another  portion  of  the 
radiant  power  is  being  scattered  {<X>s(^))  away  from  the  transmitted  path  leaving  only  the 
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transmitted  radiant  power  (£>tQ~)  (Mobley,  1994).  Through  simple  geometry,  eonservation 
of  energy  yields  the  following  relationship  found  in  Equation  (8): 


a.  Spectral  Absorption  Coefficient 

The  fraetion  of  ineident  power  absorbed  within  the  volume,  A()C),  is 
known  as  spectral  absorptance  and  is  a  funetion  of  the  wavelength  as  defined  in  Equation 

(9). 


A{A) 


®,(1) 


(9) 


Using  our  geometrieal  representation  from  Eigure  13,  we  now  take  the  limit  of  A(X)  and 
divide  the  length  of  the  water  eolumn  Ar.  Equation  (10)  is  now  realized  as  it  defines  the 
spectral  absorption  coefficient,  a(X)  in  units  of  m~\  which  is  the  fraction  of  the  incident 
light  flux  absorbed  per  unit  width  of  a  sample  volume  (Chang  and  Dickey,  1999). 

a{X)=\\m — (w  )  (10) 

b.  Spectral  Scattering  Coefficient 

Similarly,  spectral  scatterence  B(X)  is  defined  as  the  fraction  of  incident 
power  scattered  out  of  the  beam  by  the  volume  of  water,  as  shown  in  Equation  (11),  and 
is  used  to  define  the  spectral  scattering  coefficient  b(X),  which  is  the  fraction  of  incident 
light  flux  scattered  per  unit  thickness  of  a  sample  volume.  Equation  (12)  (Mobley,  1994). 

(11) 

biX)  =  \im — (w  ’)  (12) 

V  /  Ar^o  Ar 

c.  Spectral  Beam  Attenuation  Coefficient 

The  result  of  these  associations  leads  to  an  understanding  of  the  spectral 
transmittance,  T(X),  which  is  defined  as  the  portion  of  incident  power  transmitted  through 
the  volume  of  water  yielding  Equation  (13). 
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(13) 


T{1) 


Reviewing  Equations  (9),  (11)  and  (13),  it  is  quickly  recognized  that  the  sum  of  these 
ratios  equals  1,  [Equation  (14)]  (Gordon,  1994). 

A{X)  +  B{A.)  +  T{X)  =  \  (14) 

Additionally,  the  spectral  beam  attenuation  coefficient,  c(X)  measured  in  m‘ ,  can  be 
determined  by  simply  summing  the  spectral  absorption  coefficient  with  the  spectral 
scattering  coefficient  as  reflected  in  Equation  (15)  (Mobley,  1994). 

c(/l)  =  a(/l)  +  h(/l)  («  ’)  (15) 

d.  Volume  Scattering  Function 

Careful  examination  of  Eigure  13  reveals  two  remaining  angles  that  must 
be  addressed,  the  solid  angle  (Af2)  and  the  scattering  angle  (\|/).  The  scattering  angle  is 
defined  to  exist  within  the  interval  0  <  \|/  <  7i.  The  angular  dispersal  of  0s(^)  has  a 
fractional  element  of  incident  power  that  is  scattered  out  of  the  beam  through  the 
scattering  angle  \\i  into  the  solid  angle  Aff  which  is  focused  on  \\i.  This  element  is 
identified  as  the  angular  scatterence  per  unit  distance  and  unit  solid  angle,  P(v|/;k)  (Kirk, 
1994).  When  the  incident  power  d),  (>l)  illuminates  an  area  AA,  the  resultant  incident 

irradiance  is  E;(/l)  =  Oj(/l)/AA  with  AV  =  ArAA .  Combining  this  with  the  definition  of 

p(v;k): 

=  =  ii„  ii„  ^4^  > 

Ar — >-0  ACi — >0  ArAQ  Ar->0  AQ^O  0.(;L)ArAQ 


We  can  now  define  the  spectral  volume  scattering  function  with  Equation  (16): 


B{y/-,X)  =  lim 

'  '  AV^O 


E,(A)AV 


(16) 


By  integrating  P(v|/;k)  over  all  solid  angles,  we  can  now  determine  a  new  form  of  the 
spectral  scattering  coefficient  b(2.)  as  presented  in  Equation  (17)  (Mobley,  1994). 
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(17) 


b[X)  =  2;rj  fi  {y,  X)smy/ dy/ 

0 

The  spectral  scattering  coefficient  can  be  subdivided  into  the  forward  scattering 
coefficient  (b/)  and  backscattering  coefficients  {bt).  Equations  (18)  and  (19). 

bji^X)  =  ln^ld{y,X)%va.\j/d\j/  (18) 

0 

71 

bj(/l)  =  2;r  j  y9(^;/l)sin^J^  (19) 

Vi 

Of  these  two  equations,  backscattering  is  the  most  significant  to  remote  sensing  as  these 
are  the  photons  detected  by  a  remote  spectral  sensor  (Robinson,  2004). 

lOPs  provide  the  framework  for  better  understanding  the  constituents  of  a 
particular  volume  of  water.  However,  knowledge  of  the  contributions  made  by  Apparent 
Optical  Properties  (AOPs)  is  also  required  to  understand  a  particular  body  of  water. 

2.  Apparent  Optical  Properties  (AOP) 

AOPs  have  a  dependence  on  lOPs,  but  their  value  varies  based  on  surface 
illumination.  Sun  angle,  ratio  of  sky  light  to  direct  sunlight,  wind  and  cloud  cover  all 
create  this  variability  and  establish  the  dependence  of  AOPs  not  only  on  the  medium 
alone,  but  also  on  the  directional  structure  of  the  ambient  light  field  (Gordon,  1994). 
Thus,  in  order  to  measure  AOPs,  the  ambient  radiance  distribution  of  the  water  column 
must  be  determined.  To  quantify  AOPs  the  diffuse  (or  “uncollimated”)  attenuation 
coefficients  for  down-welling  and  upwelling  irradiances  must  be  examined,  along  with 
spectral  irradiance  and  spectral  remote-sensing  reflectances. 

a.  Diffuse  Attenuation  Coefficient  of  Down-welling  Irradiance 

Previous  studies  have  shown  that  radiances  and  irradiances  decrease 
nearly  exponentially  with  depth  in  oceanic  conditions  (Mobley,  1994).  One  of  the 
parameters  controlling  light  propagation  through  water  is  the  diffuse  attenuation 
coefficient  of  downward  irradiance,  (z, /I)  in  m''  (Mishra  et  al,  2005).  It  is 
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comprised  of  down-welling  irradiance,  (/I)  (W  m'^),  and  the  thiekness,  or  depth,  (dz 
(m)),  of  the  medium  through  which  the  light  is  passing.  It  is  defined  in  Equation  (20). 


K,{z,A) 


1  dE^ 
Ej  (/l)  dz 


m 


(20) 


The  mixture  of  eonstituents  in  the  water  eolumn,  along  with  the  direetional  components 
of  the  ambient  light  field  in  the  medium  determine  the  value  ofif^(z,/l).  Therefore, 
elements  such  as  time  of  day  (which  is  related  to  sun  angle),  wind,  and  cloud  cover,  must 
be  assessed  when  determining  (z,/l) .  However,  as  pointed  out  by  Kirk  (1994),  lOPs 

remain  the  primary  driver  for  the  value  of  Kj[z,X)  vice  the  incident  radiation  field 
(Kirk,  1994). 

b.  Diffuse  Attenuation  Coefficient  of  Upwelling  Irradiance 

Upwelling  irradianee  deseribes  the  upward  path  of  a  photon.  Therefore, 
the  diffuse  attenuation  coefficient  of  upwelling  irradiance  is  defined  by  Equation  (21) 
(Mobley,  1994). 


c.  Spectral  Irradiance  Reflectance 

Spectral  irradiance  reflectance  is  simply  the  ratio  between  spectral 
upwelling  and  down-welling  irradiances.  Equation  (22),  and  is  usually  measured  just 
below  the  surface  of  the  water  (Mobley,  1994). 


R{z-,X) 


Ej{z;A) 


(22) 


d.  Spectral  Remote-Sensing  Reflectance 

Spectral  remote-sensing  reflectance  deseribes  the  ratio  of  down-welling 
light  (down-welling  irradianee,  Ed)  incident  upon  the  water  surfaee  that  is  returned 
through  the  surfaee  in  the  direetion  of  a  remote  sensor  oriented  in  the  opposite  direetion. 
Equation  (23). 
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(23) 


L^{z  =  a\0,(f)\X) 
(z  =  a;/l) 


With  depth  z  =  a,  Rrs  is  measured  as  a  funetion  of  L  and  Ed  in  the  air.  L  is  “water¬ 
leaving”  radianee  and  is  defined  as  radianee  baekseattered  out  of  the  water  baek  towards 
the  sensor  (Gordon,  1994).  This  quantity  ean  be  measured  by  a  speetrometer  and  is  the 
basis  for  the  study  earried  out  in  this  thesis. 

3.  Modeling  Absorption  in  Water 

To  model  absorption  in  water,  an  understanding  is  required  of  how  the  partieulate 
and  dissolved  matter  found  in  the  water  eolumn  absorbs  light.  Water,  whether  fresh  or 
oeeanie,  is  eomprised  of  many  eonstituents,  ineluding  organie  and  inorganie  partieles. 
Seawater  has  the  additional  eomponent  of  varying  amounts  of  dissolved  salts,  resulting  in 
a  30%  greater  amount  of  seattering  than  fresh  water  (Mobley,  1994).  Natural  water 
eonstituents  are  eategorized  into  dissolved  and  partieulate  matter.  Dissolved  matter  is 
defined  as  matter  that  is  less  than  0.4  pm  in  diameter,  while  partieulate  matter  is  anything 
larger  than  0.4  pm.  This  is  signifieant  beeause  0.4  pm  (=  400  nm)  is  the  shortest 
wavelength  of  visible  light,  whieh  limits  the  ability  to  optieally  examine  the  dissolved 
matter  (Mobley,  1994).  It  is  important  to  note  that  partieulate  matter  is  divided  into 
organie  (of  biologieal  souree)  and  inorganie  sourees,  based  on  origin.  Some  eommon 
organie  and  inorganie  eonstituents  of  water,  along  with  their  size  and  a  brief  deseription 
of  how  they  affeet  light  propagation  in  water,  are  listed  in  Table  2. 
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Type  of  Particle 

Size  of 
Particle 

Contribution  to  Light  Propagation  in  Water 

Organic  Particles 

Viruses 

20-250  nm 

Due  to  their  size,  viruses  tend  to  be  inefficient 
absorbers  and  scatters.  However,  there  is  the 
possibility  of  a  significant  contribution  to  the 
backscatter  coefficient  bh  in  the  blue 
wavelengths. 

Colloids 

0.4- 1.0  pm 

Significantly  contribute  to  backscattering 

Bacteria 

0.2-1. 0  pm 

Significant  scatters  and  absorbers  especially  at 
blue  wavelengths  and  in  clear  oceanic  waters. 

Phytoplankton 

<1  -  >200  pm 

Primarily  responsible  for  determining  the 
optical  properties  of  most  oceanic  waters  and 
contribute  very  little  to  backscatter. 

Detritus 

<1  -  >20  pm 

Residues  of  decomposed  cells  of 
phytoplankton  and  are  major  backscatters  in 
the  ocean. 

Inorganic  Particles 

Quartz  Sand 

0.1  -  >100  pm 

Very  finely  ground  sand  that  results  from 
erosion. 

Clay  Minerals 

0.1  -  >100  pm 

Wind  blown  dust  usually  from  coastal  waters. 

Table  2.  Types  of  Water  Constituents.  Modified  from  Mobley  (1994). 


a.  Pure  Water 

Pure  water,  defined  as  containing  only  water  molecules  (Mobley,  1994),  is 
a  medium  in  which  particulate  backscattering,  particulate  absorption,  and  the  absorption 
due  to  dissolved  organic  materials  is  considered  to  be  zero.  As  a  result,  we  can  model  the 
absorption  and  scattering  of  light  in  pure  water  through  an  understanding  solely  of 
electromagnetic  wave  propagation.  Since  the  speed  of  light  is  dependent  upon  the 
medium  in  which  it  propagates,  all  materials  have  both  a  real  and  a  complex  index  of 
refraction.  The  complex  index  of  refraction  k{X)  dominates  the  absorption  properties  of 
pure  water. 


Equation  (24)  describes  the  relationship  between  the  absorption  coefficient 
a{X)  and  the  complex  index  of  refraction  k{X)  where  X  is  the  in  vacuo  wavelength. 


(24) 
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When  plotted  together  as  a  function  of  wavelength,  one  can  graphically  represent  the 
optical  constants  of  pure  water  as  seen  in  Figure  14. 


wavelength 


a 

II 


n 

tii 


Figure  14.  The  optical  constants  of  pure  water.  From  Mobley  (1994). 


The  narrow  window  between  the  near  ultraviolet  and  visible  light,  seen  as 
the  nine  orders  of  magnitude  decrease  in  k(A),  provides  a  corresponding  window  in  the 
spectral  absorption  coefficient  a(A);  see  Figure  15.  It  is  this  unique  characteristic  of  water 
that  allows  photosynthesis  to  occur,  a  process  necessary  to  sustain  life  in  the  marine 
environment. 


Figure  15.  Spectral  absorption  coefficient  of  pure  water  (solid  line)  and  of  pure 
seawater  (dotted  line)  as  a  function  of  wavelength.  From  Mobley  (1994). 


26 


b.  Pure  Sea  Water 

Smith  and  Baker  in  1981  reported  a  set  of  absorption  values  for  pure 
seawater,  widely  aeeepted  in  marine  opties  sinee  its  publieation  (Mobley,  1994).  Their 
numbers  were  based  upon  the  assumptions  that  in  the  elearest  natural  waters  1)  salt  and 
other  dissolved  substanees  had  an  insignifieant  absorption  faetor,  2)  the  sole  souree  of 
seattering  was  by  water  moleeules  and  salt  ions,  and  3)  no  inelastie  seattering  oeeurred 
(Smith  and  Baker,  1981).  Gordon  (1994)  further  refined  their  submission  by  dividing  the 
diffuse  attenuation  funetion  Ki{X)  by  Do{X),  the  measurable  distribution  funetion  whieh 
eorreets  sun  angle  and  sea  state  effeets.  Mobley  (1994)  eaveats  the  use  of  the 
aforementioned  absorption  properties  of  pure  seawater  beeause  they  were  derived  from 
“elearest  natural  waters,”  whieh  are  known  to  hold  some  amount  of  dissolved  and 
partieulate  matter. 

c.  Dissolved  Organic  Matter 

Dissolved  organie  eompounds  exist  in  both  fresh  and  sea  water  at  varying 
eoneentrations.  These  eompounds  are  produeed  through  the  deeaying  proeess  of  plants 
and  are  generally  brown  in  eolor.  When  suffieient  quantities  exist,  the  eolor  of  the  water 
ean  appear  a  brownish  yellow;  henee,  it  is  eommonly  ealled  “yellow  matter”  or  more 
formally  Colored  Dissolved  Organie  Matter  (CDOM).  CDOM  ean  be  modeled  by 
Equation  (25)  (Mobley,  1994). 

=  (25) 

where  ko  is  the  referenee  wavelength,  usually  440  nm,  and  ay(2o)  is  the  absorption  as  a 
result  of  the  yellow  matter  at  2o.  Therefore  the  value  of  ay(/lo)  is  heavily  dependent  upon 
the  amount  of  CDOM  present  in  the  water.  The  exponential  deeay  deseribes  the 
dependenee  on  the  proportion  of  speeifie  types  of  yellow  matter  (Mobley,  1994). 

d.  Phytoplankton 

Phytoplankton  is  a  term  deseribing  unieellular  and  multieellular 
mieroseopie  plant  organisms  that  drift  in  the  water  eolumn  (Mobley,  1994).  They  are 
strong  absorbers  in  the  blue  (due  to  ehlorophylls  and  earotenoids)  and  red  (due  to 
ehlorophyll  a)  regions  of  the  EM  speetrum  with  minimum  absorption  in  the  green  region 
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(Shifrin,  1988).  The  chlorophyll-specific  spectral  absorption  coefficient  for  eight  species 
of  phytoplankton  showing  their  maxima  in  the  blue  and  red  regions  of  the  visible 
spectrum  is  illustrated  in  Figure  16. 


wavelength  X  (nm) 

Figure  16.  Chlorophyll-specific  spectral  absorption  coefficients  for  eight  species  of 

phytoplankton.  From  Mobley  (1994). 

e.  Organic  Detritus 

Organic  detritus  is  non-living  organic  particles  produced  by  the  biologic 
breakdown  of  phytoplankton.  These  particles  are  major  backscatters  and  differ  from  the 
absorption  characteristics  of  phytoplankton  because  they  only  absorb  in  the  blue  region  of 
the  spectrum.  They  are  modeled  by  Equation  (26)  (Mobley,  1994). 

=  (26) 

f.  Total  Absorption  Model 

Variant  upon  concentration  levels  of  dissolved  substances,  phytoplankton, 
and  detritus,  the  total  spectral  absorption  coefficient  for  any  water  sample  will  range  from 
that  of  pure  water  to  ones  that  show  orders  of  magnitude  greater  than  pure  water.  Morel 
(2001)  proposed  a  bio-optical  model  that  reflects  the  spectral  absorption  coefficient  for 
case  I  waters.  The  absorption  coefficient  is  heavily  parameterized  in  terms  of  the 
chlorophyll  concentration  C  (mg  m‘  )  as  shown  in  Equation  (27)  (Kirk,  1994). 
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(27) 


a  (A)  =  [a„  (A)  +  0.06^;  {A)  C°“  )(l  +  0.2e  -  0.014(  A  -  440)) 

aw(2)  is  the  absorption  coefficient  of  pure  water  (m‘')  and  a*  (2)  is  the  non-dimensional 

chlorophyll-specific  absorption  coefficient  while  2  is  the  wavelength  expressed  in  nm 
resulting  a{A)  in  m  \  Chlorophyll  concentrations  have  been  tested  in  a  variety  of  waters. 
They  can  range  from  0.01  mg  m'  in  clear  open  ocean  waters  to  10  mg  m'  in  coastal 
upwelling  regions,  to  100  mg  m'^  in  estuaries  or  lakes  (Vince  and  Eamshaw,  2002).  A 
summary  example  of  spectral  absorption  coefficients  a(2)  for  various  waters  is  shown  in 
Figure  17.  Panel  (a)  shows  a(A,)  for  waters  dominated  by  phytoplankton,  panel  (b)  is  for 
waters  with  a  high  concentration  of  non-pigmented  particles,  and  panel  (c)  is  for  waters 
rich  in  yellow  matter.  From  Mobley  (1994). 


Figure  17.  Examples  of  spectral  absorption  coefficients  for  various  waters. 

4,  Modeling  Scattering  in  Water 

Scattering  occurs  when  incident  photons  get  redirected  in  their  path,  and  there  is  a 
subsequent  energy  exchange.  Given  the  extreme  variability  of  water  constituents,  the 
size  of  the  constituents  and  the  random  molecular  motions  between  the  constituents  and 
the  photons,  it  is  extremely  difficult  to  measure  in  situ  scattering  in  natural  waters.  The 
phenomenon  of  scattering  was  carefully  studied  by  Ford  Rayleigh  in  the  late  19‘^  century. 
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Unfortunately,  studies  led  him  to  the  false  eonelusion  the  oeeans  eolor  was  due  to 
refleetion  of  the  sky,  a  faet  refuted  by  the  work  of  Raman  (1922). 
a.  Scattering  by  Particles 

Partieles  wreak  havoe  on  the  volume  seattering  funetion  causing  it  to  peak 
in  the  forward  direction  with  more  than  an  order-of-magnitude  increase  in  the  scattering 
coefficient  including  a  four-order-of  magnitude  increase  in  scattering  for  90°  <  \|/  <  0° 
(Mobley,  1994).  Equation  (28)  represents  the  effect  of  particulate  matter  on  the  total 
volume  scattering  function  /I ) . 

=  (28) 

The  subscript  p  refers  to  the  particles  in  the  water.  Examples  of  particle  volume 
scattering  functions  from  Mobley  (1994)  determined  from  in  situ  measurements  in  a 
variety  of  waters  are  shown  in  Eigure  18.  The  graph  represents  particle  volume  scattering 
functions  from  in  situ  measurements  in  various  waters. 


Eigure  18. 


In  situ  measurements  of  particle  volume  scattering.  Erom  Mobley  (1994) 
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b.  Scattering  by  Turbulence 

Given  all  the  other  dynamies  of  the  oeean  environment  and  its  effeets  on 
seattering,  turbulenee  is  very  small  and  almost  insignifieant  eontributor,  espeeially  for  \\i 
>  1°. 


c.  Mie  Theory 

Gustav  Mie  (1908)  developed  a  mathematieal  model  for  eleetromagnetie 
radiation  scattering  by  spherical  particles  that  is  increasingly  useful  in  hydrologic  optics. 
Mie  theory  is  a  very  complex  set  of  mathematical  functions,  but  the  functional  elements 
of  the  formulas  are  well  modeled  by  computers.  Mobley  (1994)  presents  a  single  formula 
that  sums  up  scattering  due  to  the  individual  inputs  by  individual  particles,  represented  in 
Equation  (29). 

h(/l)=  J  I  (j^(^D;m/,A)n{^DyiDdm^  (29) 

allm  alld 

where  n{D)  is  the  particle  number  size  distribution  with  Wr  representing  the  particle  size. 


C.  RADIATIVE  TRANSFER 

Radiative  transfer  theory  illustrates  the  system  of  radiation  transfer  from  one  point 
to  another  regardless  of  the  medium  traversed.  This  theory  is  the  basis  for  modeling 
radiation  transfers  through  differing  mediums,  like  the  atmosphere  and  the  water  column. 
One  simplified  example  of  Radiative  Transfer  Equation  (RTE),  is  Equation  (30),  which 
describes  the  radiance  paths  of  atmospheric  path  radiance,  Ep,  water-leaving  radiance,  Ew, 
and  radiance  just  above  the  surface  due  to  sea  surface  reflections,  Er,  and  back  to  the 
sensor.  Eg. 

4=E^+EE„+E4  (30) 

T  is  the  direct  or  beam  transmittance  of  the  atmosphere  and  is  a  multiple  to  the 
surface-leaving  radiances  not  scattered  out  of  the  field  of  view  to  the  sensor  (Robinson, 
2004).  Sky  glitter  often  is  combined  with  sun  glitter  to  form  the  Er  term. 
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Figure  19.  Optical  pathways  between  the  sea  and  the  sensor  (See  text  for 
explanations).  Redrawn  from  Robinson  (2004). 


Robinson  (2004)  illustrates  these  terms  in  a  diagram  showing  how  they  each 
contribute  to  the  radiance  received  by  a  sensor,  Figure  19.  The  components  in  the 
diagrams  are  defined  as  follows:  (a)  indicates  the  rays  that  upwell  from  below  the  sea 
surface  and  after  they  are  refracted  in  the  direction  of  the  sensor,  (b)  represents  the  rays 
making  up  that  reach  the  sensor,  (c)  represents  rays  either  absorbed  or  reflected  in  the 
atmosphere  out  of  the  field  of  view  (FOV)  of  the  sensor.  Notice  (b)  and  (c)  have  split 
from  (a),  (d)  indicates  rays  from  the  sun  that  reflect  from  the  sea  surface  into  the  FOV  of 
the  sensor  {sun  glitter),  (e)  Rays  scattered  by  the  atmosphere  into  the  FOV  of  the  sensor 
{sky  slitter),  (f)  Rays  of  scattered  away  from  the  FOV  of  the  sensor,  (g)  rays  which 
reach  the  sensor,  (h)  Sun  rays  scattered  into  the  sensor  by  the  atmosphere  as  they  cross 
the  FOV.  (i)  Rays  scattered  in  the  atmosphere  and  then  subsequently  scattered  again  into 
the  FOV  of  the  sensor,  (j)  Rays  that  upwell  outside  the  initial  FOV  (IFOC)  of  the  sensor 
and  then  subsequently  scattered  by  the  atmosphere  back  into  the  FOV  of  the  sensor,  (k) 
Rays  reflected  by  the  surface  outside  of  the  IFOV  then  scattered  by  the  atmosphere  into 
the  FOV  of  the  sensor  but  do  not  contribute  to  L^.  Therefore  in  this  model  (h),  (i),  (j),  and 
(k)  all  become  part  of  Tp  (Robinson,  2004). 
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As  can  be  gleaned  by  the  graph  above,  modeling  the  atmosphere  is  a  eomplex 
problem.  Several  modeling  programs  have  been  developed  to  address  this  problem  and 
try  to  eorreet  for  atmospherie  and  water  eolumn  effeets,  none  of  whieh  is  yet  eonsidered 
eompletely  satisfaetory. 

D,  OPTICAL  CLASSIFICATIONS  OF  NATURAL  WATERS 

Jerlov  (1976)  elassified  marine  waters  into  different  eategories  based  on  the  eurve 
of  pereentage  transmittanee  of  the  downward  irradianee  against  wavelength.  This 
resulted  in  the  reeognition  of  three  basie  oeeanie  water  types:  I,  II,  and  III,  with  nine 
types  of  eoastal  waters  in  deereasing  order  of  transmittanee,  or  in  essenee,  water  elarity  as 
quantified  by  K^w,X)  (Mobley,  1994).  Another  useful  elassifieation  was  developed  by 
Morel  &  Prieur  (1977)  whieh  broke  these  elasses  into  ‘Case  1’  and  ‘Case  2’  waters.  Kirk 
(1994)  points  out  that  this  elassifieation  was  later  refined  by  Gordon  &  Morel  (1983). 

1.  Gordon  and  Morel  (1983)’s  Classification 

Case  1  is  waters  are  those  whose  optieal  properties  are  mostly  eharaeterized  by 
phytoplankton,  whose  by-produets  have  a  dominant  role  in  the  optieal  properties  of  the 
oeean  (Kirk,  1994).  These  waters  ean  be  very  elear  to  very  turbid  depending  on  the 
eoneentration  level  of  the  phytoplankton  and  make  up  approximately  98%  of  the  world’s 
open  oeean  and  eoastal  waters  (Mobley,  1994). 

Case  2  waters  are  defined  as  waters  where  partieulate  matter  is  not  so  dependent 
upon  phytoplankton,  but  rather  land-derived  CDOM  is  dominant.  These  waters  are 
mostly  loeated  in  areas  where  river  inputs,  land  drainage,  and  sludge  dumping  ete.  exist. 
This  typieally  oeeurs  in  eoastal  waters  (Robinson,  2004). 

2,  Jerlov  (1976)’s  Classification 

Jerlov’s  classification  scheme  is  numbered  I,  lA,  IB,  II  and  III  for  the  open  ocean, 
and  1  through  9  for  coastal  waters.  Type  I  waters  are  optically  clear  while  Type  III  are 
turbid  (Jerlov,  1976).  However,  Jerlov’s  types  I-III  roughly  correspond  to  Case  1  waters 
in  Gordon  &  Morel  (1983)’s  scheme.  Similarly,  types  1-9  align  with  Case  2  waters. 
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IV.  MIDWAY  AS  AN  IDEAL  LABORATORY 


The  field  site  for  this  study  is  Midway  Atoll,  the  second  northernmost  isle  of  the 
Northwest  Hawaiian  Islands;  Figure  20.  The  atoll  lies  2,800  miles  west  of  San  Francisco 
and  2,200  miles  east  of  Japan.  Midway  is  comprised  of  three  small  islands.  Sand  Island 
(1,200  acres).  Eastern  Island  (529  acres),  and  Spit  Island  (6  acres);  Sand  Island  being  the 
only  one  currently  inhabited  (Saldino,  1998).  In  contrast,  the  circular  shaped  atoll  has 
more  than  85,900  acres  of  reef  area,  which  hosts  a  diversity  of  marine  life  (Hoover, 
2004).  As  the  second  most  northern  coral  atoll  (Kure  Atoll,  at  65  miles  west  northwest, 
is  the  northernmost  in  the  world),  Midway  owes  its  existence  to  the  coral  reefs  that  built 
up  from  an  ancient  volcano,  a  process  that  took  millions  of  years.  Throughout  this  time, 
coral  and  algal  growth  has  created  a  limestone  crown  that  is  in  places  500  feet  thick  over 
the  basalt  volcanic  foundation  (Hoover,  2004).  The  sand  and  rubble  that  accumulated 
along  the  rim  have  formed  the  aforementioned  sandy  islets  that  exist  today. 


Figure  20.  2004  Quickbird  image  of  Midway  Atoll. 
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Midway  Atoll  was  discovered  July  5,  1859,  by  Captain  N.C.  Middlebrooks.  The 
atoll,  known  as  the  “Middlebrook  Islands”  or  the  “Brook  Islands,”  was  elaimed  by  the 
United  States  (U.S.)  under  the  Guano  Islands  Aet  of  1856,  authorizing  the  temporary 
oeeupation  of  uninhabited  islands  to  mine  guano.  However,  in  August  1867,  Captain 
William  Reynolds  of  the  USS  LACKAWANNA  formally  took  possession  of  the  atoll  for 
the  U.S.  At  some  point  after  this,  the  island  took  on  the  name  “Midway”  (Ladd,  1967). 

Midway’s  strategie  importanee  for  eontrol  of  the  Paeifie  beeame  apparent  in  the 
early  1900s.  Its  position  along  standard  naval  routes  to  the  Asian  eontinent  made  it  a 
vital  stop  for  Navy  ships  during  their  journeys  (Ladd,  1967).  Midway  was  also  important 
for  aviation  purposes  as  a  eonvenient  refueling  stop  for  transpaeifie  flights  (Ladd,  1967). 
In  faet,  Midway  eontinues  to  serve  as  an  emergeney  landing  strip  for  eommereial  jetliners 
today. 

Midway  has  an  illustrious  plaee  in  U.S.  history  and  for  the  U.S.  Navy  in 
partieular.  In  the  early  1940s,  the  military  situation  in  the  Paeifie  was  beginning  to 
deteriorate  with  inereased  tensions  between  Japan  and  the  United  States.  This  eatalyzed 
further  development  of  the  island  (Ladd,  1967),  ineluding  new  gun  installations  and  a 
seaplane  base  (one  of  the  long-term  environmentally  damaging  eonsequenees  of  this  new 
eonstruetion  was  the  dredging  earried  out  to  widen  the  south  ehannel,  visible  in  Figure  20 
to  aeeommodate  larger  naval  ships  and  a  mueh  larger  human  population).  Six  months 
after  the  Japanese  attaek  on  Pearl  Harbor,  on  June  4,  1942,  a  naval  battle  near  Midway 
saw  the  U.S.  Navy  deliver  a  erushing  defeat  to  the  Japanese  Navy;  see  Figure  21  whieh 
has  been  argued  to  have  been  the  turning  point  of  World  War  II’s  fate.  Despite  its 
glorious  past,  all  of  these  events  on  Midway  have  ereated  severe  imbalanees  on  the  atoll’s 
natural  environment. 
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Figure  21 .  Burning  oil  tanks  on  Sand  Island  during  the  Battle  of  Midway.  From 

Ladd,  1967. 

On  April  22,  1988,  Midway  was  designated  a  National  Wildlife  Refuge  even 
though  it  was  still  under  the  primary  jurisdietion  of  the  United  States  Navy.  As  part  of 
the  Base  Realignment  and  Closure  proeess,  the  Navy  faeility  on  Midway  operationally 
elosed  on  September  10,  1993,  and  the  last  eontingent  of  Navy  personnel  left  on  30  June 
1997  (Ladd,  1967).  On  Oetober  31,  1996,  President  Bill  Clinton  signed  Exeeutive  Order 
13022,  transferring  jurisdietion  and  control  of  the  atoll  to  the  U.S.  Department  of  the 
Interior,  under  the  U.S.  Fish  and  Wildlife  Service  (US  FWS).  In  2006,  President  George 
W.  Bush  designated  the  Northwest  Hawaiian  Islands  as  a  Marine  National  Monument 
making  it  the  largest  Marine  Protected  Area  in  the  world  (a  distinction  formerly  carried 
by  the  Great  Barrier  Reef  in  Australia).  The  U.S.  Fish  and  Wildlife  Service  continues  to 
manage  Midway  Atoll  National  Wildlife  Refuge  today  as  part  of  the  National  Monument. 

The  rich  biological  and  historical  character  of  Midway  Atoll  has  made  it  a  great 
laboratory  for  scientific  study  in  different  disciplines,  from  geology  to  biology  to 
oceanography.  The  naval  and  wartime  actions  have  introduced  a  large  amount  of 
manmade  artifacts  throughout  the  atoll  that  have  upset  the  ecological  balance  of  the 
island,  which  the  US  FWS  continues  to  try  to  mitigate.  However,  for  our  purposes  some 
of  this  debris  presented  an  opportunity  for  testing  techniques  for  detecting  man-made 
materials  in  littoral  environments.  Additionally,  the  Type  1  waters  that  characterize  coral 
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reef  environments  like  Midway  are  the  optimal  setting  for  optieal  remote  sensing 
experiments,  an  additional  reason  why  this  atoll  is  an  ideal  loeation  for  this  study. 
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V.  BIOLOGICAL  INDICATORS 


Cyanobacteria  is  a  phylum  of  Bacteria  that  obtain  their  energy  through 
photosynthesis,  and  are  found  in  many  habitats  from  the  oceans  to  fresh  water  to  dry  soil. 
Originally  called  blue-green  algae,  they  are  among  the  oldest  living  organisms  on  Earth. 
Estimated  to  have  been  in  existence  for  more  than  three  billion  years,  cyanobacteria  are 
thought  to  have  been  considerable  contributors  to  the  oxygenation  of  Earth’s  ancient 
atmosphere  (Schopf,  1975).  Several  genera  of  cyanobacteria  exist  both  in  the  aquatic  and 
terrestrial  environments  playing  a  vital  role  in  the  Earth’s  nitrogen  cycle  as  nitrogen 
fixers.  Biotic  nitrogen  fixation  is  a  process  that  converts  relatively  inert  atmospheric 
nitrogen  (N2)  into  nitrogen  compounds  such  as  ammonia,  and  nitrate,  all  of  which  are 
useful  for  other  biochemical  processes.  Among  nitrogen-fixing  organisms,  cyanobacteria 
are  the  only  truly  photoautotrophic  aerobic  nitrogen  fixers  serving  a  vital  role  in  nature 
and  the  oceans  (Apte  and  Probhavathi,  1994). 

The  process  of  biological  nitrogen  fixation  is  catalyzed  by  nitrogenase,  a  highly 
conserved  enzyme  complex  consisting  of  two  proteins,  an  iron  protein  (Ee-protein)  and 
an  iron-molybdenum  protein  (Mo-Ee-protein)  (Berman-Erank  et  ah,  2003).  Iron  is  often 
a  limiting  nutrient  in  oceanic  waters  (Behrenfeld  and  Kolber,  1999).  Therefore  an 
extraneous  iron  source  in  the  aquatic  environment  enhances  the  growth  of  cyanobacteria, 
allowing  them  to  bloom  (reproduce  rapidly)  under  these  favorable  conditions.  These 
blooms  are  often  apparent  as  thick  mats  covering  the  bottom.  The  hypothesis  being  tested 
in  this  thesis  is  that  detection  of  a  “bloom”  of  certain  benthic  cyanobacteria  (Lyngbya 
spp.,  present  in  the  Hawaiian  archipelago)  would  suggest  the  presence  of  submerged 
metal  in  a  littoral  environment. 

Lyngbya  spp.,  is  a  filamentous,  non-heterocystous  cyanobacteria  (Jones  et  ah, 
1987)  found  in  the  Tropical  Pacific  Ocean,  and  observed  to  bloom  at  shipwreck  sites  in 
Pearl  and  Hermes,  Midway,  and  Kure  atolls  in  the  Northwest  Hawaiian  Islands  (Maragos 
and  Siciliano,  pers.  comm.),  due  to  the  scattered  metal  debris  found  at  these  sites. 
Roelfsema  et  al.  (2006)  also  report  it  in  Moreton  Bay,  Queensland,  Australia.  Given  the 
need  for  iron  to  support  its  biological  processes,  Lyngbya  spp.  is  hypothesized  to  be  a 
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good  bio-indicator  of  ferrous  debris  in  the  water  or  man-made  materials  leaking  iron 
(Sieiliano,  2002)  and  eould  therefore  be  used  to  deteet  underwater  mines  and  range 
residues.  Spectral  characterization  of  Lyngbya  spp.  is  the  first  step  in  this  endeavor,  with 
the  goal  of  looking  for  diseriminative  absorption  features  that  would  enable  deteetion  of 
Lyngbya  spp.  using  hyperspeetral  imagery,  and  associated  metal  objects.  Despite  the 
need  to  monitor  L.  majuscula  with  remote  sensing  given  its  often  negative  ecologieal 
impacts  in  marine  environments,  until  now,  there  have  been  no  published  spectral 
characterizations  of  Lyngbya  spp.,  beyond  the  work  of  Roelfsema  et  al.  (2001),  who 
studied  Lyngbya  majuscula  in  Moreton  Bay,  Australia,  but  failed  to  report  detailed 
spectral  characteristics  of  the  eyanobaeteria.  On  the  other  hand,  multiple  works  treat 
refieetance  analysis  of  different  genera  of  eyanobaeteria  that  are  planktonie,  rather  than 
benthonic,  like  Lyngbya  spp. 

The  pigments  and  other  biochemieal  eonstituents  found  in  other  benthic 
organisms  in  coral  reef  environments,  like  eoral,  algae  and  inorganic  substrates,  have 
been  widely  documented  in  the  last  few  deeades.  Holden  and  LeDrew  (2001),  for 
example,  eondueted  in  situ  measurements  of  eorals  in  Fiji  Islands  in  the  Pacifie,  and  St. 
Croix  in  the  Caribbean.  Considering  discrete  wavelengths  separately  and  using  second 
derivative  analysis,  they  were  able  to  diseriminate  between  sand,  bleaehed  or  algae 
covered  surfaces  and  healthy  coral  with  77%  accuracy  (Holden  and  LeDrew,  2001). 
Generally,  healthy  eoral  speetra  displayed  a  refiectanee  minimum  at  670  nm  and  a 
dramatically  decreasing  slope  starting  at  650  nm.  There  are  also  twin  peaks  in 
refieetanee  at  575  and  605  nm  for  healthy  coral  (Holden  and  LeDrew,  2001);  see  Figure 
22.  Coral  is  generally  distinguishable  from  algae  in  the  region  500-625  nm,  while  sand 
gives  a  very  bright  refiectanee  (Hoehberg  and  Atkinson,  2003).  In  eomparison,  Lyngbya 
spp.  has  been  reported  to  be  optieally  dark  and  absorbing  light  both  in  the  visible  and 
infrared  regions  (350  -  1050  nm)  (Roelfsema  et  al,  2006).  Absorption  features  in 
eyanobaeteria  at  564  and  620  nm  were  documented  by  Jupp  et  al.  (1994)  suggesting  their 
association  with  the  pigments  phyeocyanin  and  phycoerythrin. 
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Figure  22.  Healthy  eoral  speetra  average  refleetanee  (blaek  lines)  and  standard 
deviation  (gray  lines).  From  Holden  and  Ledrew,  2001 . 


All  eyanobaeteria  are  in  faet  eharaeterized  by  pigments  ealled  phyeobilins 
(phyeoeyanin,  phyeoerythrin  and  allophyeoeyanin),  water-soluble  fluorescent  proteins 
which  are  an  important  part  of  their  photosynthetic  apparatus.  They  harvest  light  energy 
in  the  visible  spectrum  at  those  wavelengths  poorly  exploited  by  chlorophyll  pigments 
(Lemasson  et  al,  1973).  Through  fluorescence  energy  transfer,  they  convey  the  energy  to 
chlorophyll  at  the  photosynthetic  reaction  center  (Boussiba,  S.  and  Richmond,  1980). 
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Phycoerythrins  (absorbing  green  light)  have  an  absorption  maxima  that  lies  between  490 
and  570  nm  while  phyeoeyanins  (absorbing  red  light)  have  an  absorption  maxima  found 
between  610  and  665  nm  (Seppala  et  al,  2005).  Allophyeoeyanins  are  more  restrietive 
and  absorb  in  the  red  around  652  nm  (Hedley  and  Mumby,  2002).  Additionally, 
ahophyeoeyanin  has  been  suggested  to  be  most  effieient  as  a  light-harvesting  pigment  in 
eyanobaeteria  (Lemasson  et  ah,  1973).  A  thorough  eharaeterization  of  the 
absorbanee/refleetanee  speetrum  of  Lyngbya  spp.  and  other  aquatie,  benthie 
eyanobaeteria  has  not  been  attempted  to  date.  As  an  effort  to  start  hhing  the  vaeuum,  this 
thesis  therefore  aims  at  speetrahy  eharaeterizing  benthie  eyanobaeteria  and  surrounding 
substrates  (eoral,  sand  and  algae)  present  within  Midway  Atoll,  as  the  hrst  step  for  testing 
hyperspeetral  imaging’s  eapabilities  to  deteet  this  organism  in  littoral  environments  as  an 
indicator  of  man-made  metal  objects. 
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VI. 


DATA  AND  METHODOLOGY  (TOOLS  AND  TECHNIQUES) 


A,  OCEAN  OPTICS  USB2000  FIBER  OPTIC  SPECTROMETER 

Spectral  remote  sensing  reflectance  for  this  study  was  measured  using  an  Ocean 
Optics  USB2000  Fiber  Optic  Spectrometer  that  was  controlled  and  operated  by  a  laptop 
computer.  The  spectrometer  collected  light  in  the  wavelength  (2)  range  200-1100  nm 


650  nm  spectral  range 
2048  pixels 


=  .3\73nm 


with  a  spectral  resolution  of  1.33  nm  full-width-half- 


J 


maximum  (dispersion  x  pixel  resolution  =  0.317  nm  pixel'*  x  4.2  pixels).  A  technical 
illustration  of  the  spectrometer  is  shown  in  Figure  23.  It  provides  a  technical  description 
of  the  spectrometer  with  the  components  ordered  as  follows;  1)  SubMiniature  series  A 
(SMA)  connector,  2)  25  p  slit,  3)  fdter,  4)  collimating  mirror,  5)  Grating  #3  650  nm 
spectral  range  grating  blazed  at  500  nm  with  a  maximum  efficiency  (>  30%)  from  350- 
850  nm,  6)  focusing  mirror,  7)  L2  detector  collection  lens,  and  8)  Sony  ILX511  linear 
silicon  CCD  array.  For  a  listing  of  predicted  ranges  and  resolutions  based  on  a  600  mm'* 
grating  and  25 -p  slit,  see  Figure  24. 


Figure  23. 


USB2000  Spectometer  with  components.  From  USB2000  Fiber  Optic 
Spectrometer  Installation  and  Operation  Manual. 
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600  mm**  Grating  and  25-jjm  Slit 


660 

670 

660 


^  640 

2  6J0 

^  620 
!li  610 
"  600 
590 

580  ,  ,  ,  ,  ,  , 

200  500  400  500  600  700  600  900  1000 

STARTING  WAVELENGTH  |nm| 

Figure  24.  USB2000  predicted  ranges  and  resolutions  chart.  From 

http://www.oceanoptics.com/technical/rangeandres.asp 


B.  OPTICAL  GROUND  TRUTH  AND  SPECTRAL  PROCESSING 

Optical  ground  truth  measurements  were  conducted  in  situ  at  Midway  Atoll  from 
an  18-foot  Boston  Whaler  provided  to  the  researchers  by  the  Fish  and  Wildlife  Service 
during  the  period  July  14-26,  2006.  The  spectral  collection  employed  the  Ocean  Optics 
USB2000  spectrometer  with  an  attached  lO.m  cable  used  to  transmit  light  from  its 
collecting  tip  to  the  spectrometer.  The  fiber-optic  cable  had  a  maximum  efficiency  in  the 
visible-near  infrared  (400-2100  nm)  with  a  field  of  view  (FOV)  of  24.8°.  The  USB2000 
was  connected  to  a  laptop  computer  managed  by  the  boat  operator.  One  diver  on 
SCUBA  would  dive  to  the  target  benthic  substrate  with  the  collection  end  of  the  fiber¬ 
optic  cable  and  signal  to  the  boat  operator  for  measurement  acquisition  (communication 
occurred  through  a  series  of  signals  issued  via  a  tethered  rope,  i.e.,  two  tugs  on  the  rope 
indicated  that  a  reference  spectra  was  to  be  taken). 

In  order  to  relate  radiance  measurements  to  irradiance,  it  is  assumed  that  benthic 
surfaces  act  as  Lambertian  reflectors  directing  radiance  in  all  directions  equally 
(Hochberg  and  Atkinson,  2000).  Thus,  to  measure  L,  the  collecting  tip  of  the  fiber-optic 
cable  was  pointed  directly  at  the  target  and  the  spectrum  saved  to  the  computer.  To 
measure  Ed,  down-welling  irradiance,  a  reference  measurement  was  made  using  a  32  mm 
Ocean  Optics  WS-1  95%  diffuse  reflectance  standard  placed  at  the  depth  of  the  target  and 
held  parallel  to  the  surface  of  the  water  and  its  spectrum  measured;  see  Figure  25.  To 
correct  for  light  signal  when  the  detector  array  is  closed,  a  dark  current  measurement  was 

subtracted  from  each  measurement.  If  multiple  targets  were  to  be  measured  at  an  equal 
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depth,  only  one  referenee  measurement  was  made  between  these  targets.  However,  if 
depth  or  cloud  cover  changed  between  measurements,  a  new  reference  and  dark 
measurement  were  collected  to  ensure  the  highest  degree  of  accuracy. 


Figure  25.  Ocean  Optics  WS-1  Diffuse  Reflectance  Standard.  From  Operating 
Instructions  for  WS-1  Diffuse  Reflectance  Standard. 

All  measurements  were  taken  between  09:30  and  16:30  hours  local  time  to  ensure 
a  minimum  sun  angle  of  30  degrees  above  the  horizon.  The  spectrometer  was 
programmed  to  average  five  measurements  of  both  down-welling  irradiance  and 
upwelling  radiance.  Each  single  spectrum  acquired  is  thus  the  automatically  computed 
average  of  five  spectra.  In  addition,  for  each  specified  target,  a  minimum  of  five  spectra 
were  collected  to  account  for  variability  and  possible  inconsistencies  in  the  collections. 
As  a  test  for  possible  effects  of  light  attenuation  through  the  water  column  at  depth,  one 
cyanobacteria  spectral  collection  (subsequently  identified  as  Cyanobacteria  6),  was 
removed  from  the  water,  placed  into  a  30-cm  patch  on  the  gunwale  of  the  boat,  and  five 
spectra  were  thus  collected  above  water  for  this  specimen. 

Measuring  spectral  remote  sensing  reflectance  dictates  simultaneous 

measurements  of  upwelling  and  down-welling  irradiances,  as  indicated  in  Equation  (23) 

in  Chapter  III  of  this  thesis.  In  a  coral  reef  benthic  environment,  light  travels  in  all 

upward  directions  including  light  scattered  by  the  surrounding  benthos  (Mobley,  1994). 

To  minimize  this  effect,  the  collection  end  of  the  cable  was  held  at  a  fixed  distance  above 

the  spectral  target.  This  avoided  casting  a  collector’s  shadow,  while  ensuring  an  adequate 

collection  of  the  single  target  and  minimizing  collection  of  upwelling  radiance  from 
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surrounding  substrates.  The  area  of  the  target  being  measured  is  defined  by  a  eirele  with 
radius  r,  found  using  Equation  (31)  (Holden  and  LeDrew,  2001),  where  d  is  the  height 
above  the  speetral  target. 


r 


=  dx  tan 


'FOV^ 


(31) 


Given  a  distanee  between  the  end  of  the  fiber-optie  eable  and  the  target  of  5  em,  the 
radius  of  the  eirele  measured  was  approximately  1.1  em  and  its  area  equaled  3.8  em  . 
This  was  ehosen  as  a  reasonable  distanee/area  measured  sinee  the  eoral  reef  substrates 
being  measured  have  a  eomparable  minimum  surfaee  area. 

Underwater  photographs  were  taken  of  most  features  measured  in  order  to 
supplement  the  speetral  library  eolleeted.  Notes  were  taken  on  underwater  paper  on  a 
pre-printed  table  with  the  following  information:  date,  time,  dive  number,  GPS  loeation, 
dive  distanee  and  bearing  from  boat,  photograph  numbers,  depth,  speetrum  numbers, 
target  type,  reef  habitat,  surrounding  substrate,  and  eolor  as  well  as  any  other  information 
deemed  important  for  that  partieular  target  aequisition  (see  Appendix  A).  The  target  type 
would  fall  into  one  of  five  broad  eategories:  sand,  algae,  eoral,  metal  (galvanized,  steel, 
or  iron),  and  eyanobaeteria  (filamentous  or  non-filamentous).  Reef  organisms  were 
eharaeterized  based  on  size  (small  =  <30-em,  medium  =  30-60-em,  and  large  >60-em) 
and  morphology  (branehing,  enerusting  or  massive).  Surrounding  substrate 
elassifieations  were  assigned  based  on  field  observations  and  review  by  marine  taxonomy 
experts  of  the  underwater  photographs  taken  at  the  time  of  eolleetion.  Broad  eategories 
were  uneonsolidated  sediments,  hard  bottom,  submerged  vegetation,  live  eoral,  other 
invertebrates,  and  artifieial  substrate. 


C.  CYANOBACTERIA  IDENTIFICATION 

To  verily  that  the  targets  of  the  eolleeted  speetra  were  indeed  the  eyanobaeteria 
Lyngbya  spp.,  multiple  sample  speeimens  were  eolleeted  and  plaeed  in  Ziploe  bags  filled 
with  seawater  for  storage  from  the  dive  site  to  the  workshop.  All  samples  were  then 
transferred  to  20-mL  vials  fixed  with  a  5%  formalin  solution  so  they  eould  be  transported 
to  a  biology  lab  for  mieroseopie  analysis.  Dr.  Donald  Potts,  Department  of  Eeology  and 
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Evolutionary  Biology  University  of  California,  Santa  Cruz,  and  Dr.  Daria  Siciliano, 
Department  of  Physios  at  the  Naval  Postgraduate  Sohool,  Monterey,  California, 
oonduoted  a  mioroscopio  analysis  of  the  samples.  Notes  from  these  analyses 
oomplemented  the  notes  taken  in  the  field,  and  allowed  positive  taxonomio  identifioation. 


D,  NOISE  AND  SPECTRAL  SMOOTHING 

“Reaf’  speotra  oontain  both  the  actual  signal  as  well  as  noise  (Talsky,  1994). 
Noise  in  spectrometry  is  created  by  a  multitude  of  sources  including  temperature 
gradients,  scattering,  light  fluctuations,  electrical  noise  inherent  to  the  spectrophotometer, 
converters  etc.,  and  leads  to  errors  in  spectral  data  which  must  be  addressed  when 
conducting  spectral  analysis  (Talsky,  1994).  Noise  must  be  characterized  by  determining 
the  ratio  of  the  true  signal  amplitude  (A^)  over  the  amplitude  of  the  noise  signal  (A^s)  or 
signal-to-noise  ratio  (SNR),  Equation  (32)  (Ei  and  Shi,  1986). 


sm  = 


K^dsJ 


(32) 


Upon  inspection  of  the  spectra  collected  at  Midway  with  the  USB2000,  it  was 
observed  that  each  spectrum  had  distinctive  aperiodic  noise  that  masked  reflectance  and 
absorption  features  of  the  original  signal.  To  suppress  the  noise  and  restore  overall 
structure  to  the  spectra,  a  triangular  smoothing  algorithm.  Equation  (33),  was  applied  to 
each  spectrum  individually.  Rj  represents  the  new  reflectance  value  after  the  original 
reflectance  (R)  has  been  averaged  with  the  surrounding  reflectance  of  the  two  adjacent 
bands  (Christian  and  O’Reilly,  1986). 


Rj_2  +  2Rj_^  +  3Rj  +  2Rj^^  +  Rj^2 
= - 6 - 


(33) 


This  weighted  average  formula  is  considered  ideal  for  peak-type  signals  in  that  it 
creates  less  peak  distortion  (attenuation  and  broadening)  for  a  given  measure  of  noise 
reduction  (Christian  and  O’Reilly,  1986).  This  mathematical  method  can  be  applied 
multiple  times  against  the  same  spectra  until  the  desired  results  are  achieved.  However,  it 
is  important  to  realize  that  with  excessive  iterations,  some  true  features  of  the  original 
signal  are  going  to  degrade. 
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To  make  use  of  this  tool,  the  original  speetrum  were  eonverted  to  an  ASCII  text 
file  and  imported  into  Mierosoft  Exeel  ®  worksheets,  Figure  26.  Through  applieation  of 
the  circular  reference  function,  a  macro  was  written  to  allow  user  input  in  the  number  of 
iterations  to  apply  to  a  given  spectrum.  This  allowed  adjusting  the  number  iterations 
required  to  meet  the  stated  objective  of  suppressing  the  noise  while  retaining  true  features 
of  the  original  signal,  on  a  case-by-case  spectrum.  Information  regarding  the  number  of 
iterations  applied  to  each  spectrum  can  be  found  in  Appendix  A. 


Figure  26.  Example  of  smoothing  algorithm  plot.  Blue  curve  represents  original 

spectrum  and  red  represents  smoothed  spectrum. 

E.  SPECTRAL  AVERAGING 

Once  each  spectrum  was  smoothed,  the  spectra  associated  with  an  individual 
target  were  visually  reviewed  for  their  quality  and  all  spectra  were  compared  to  published 
sources  for  overall  structure.  The  spectra  deemed  as  bad  quality  were  omitted  from 
further  analysis.  At  the  completion  of  this  examination,  all  ‘good’  spectra  associated  to  a 
specific  target  (usually  5,  as  stated  in  section  B;  exact  information  on  this  is  found  in 
Table  3  of  the  Results)  were  averaged  together. 
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F.  DERIVATIVE  SPECTROSCOPY 

Derivative  speetroseopy  employs  a  mathematieal  method  that  resolves  fine 
strueture  in  speetra  by  differentiation  (Talsky,  1994).  It  is  mainly  employed  for 
ultraviolet  and  visible  speetra  to  deeonvolute  poorly  defined  peaks  (Talsky,  1994)  due  to 
absorption  properties  of  overlapping  bioehemieal  eonstituents  or  minerals  in  speetra  of 
the  earth’s  materials.  Derivatives  are  also  used  in  analytieal  speetroseopy  to  speetrally 
diseriminate  small  struetural  differenees  between  similar  speetra  as  well  as  provide  a 
teehnique  to  eorreet  for  extraneous  baekground  absorption  in  favor  of  multi-eomponent 
analysis  (Malmstadt  et  ah,  1974).  First,  seeond,  and  higher-order  derivatives  beeame  an 
established  teehnique  to  reduee  low  frequeney  baekground  noise  and  for  resolution  of 
overlapping  speetra  in  the  1950’s  (Butler  and  Hopkins,  1970). 

Derivative  analysis  has  been  used  in  hyperspeetral  remote  sensing  for  nearly  two 
deeades.  For  example,  Demetriades-Shah  et  al.  (1990)  used  derivative  analysis  to  resolve 
interferenee  from  the  Earth’s  atmosphere  in  remote  sensing.  Holden  and  LeDrew  (1999) 
used  first  derivatives  to  test  the  ability  to  distinguish  coral  reef  features  and  later 
improved  on  that  work  (Holden  and  LeDrew,  2000)  using  second  derivatives  to 
determine  coral  health  in  coral  reef  habitats. 


Differentiation  in  spectroscopy  provides  higher  resolution  of  overlapping  spectra 
with  relative  amplitudes  becoming  greater  with  increasing  derivative  orders  (Butler  and 
Hopkins,  1970;  Fell  and  Smith,  1982).  Derivative  spectra  (s),  were  obtained  using  a 
finite  approximation  to  calculate  the  change  in  reflectance  over  a  bandwidth  Ak,  defined 
as  Ak  =  kj  -  ki,  where  kj  >  ki  (Tsai  and  Phipot,  1998).  Estimation  of  the  first  derivative  is 
found  using  Equation  (34).  The  n*''  derivative  is  computed  using  Equation  (35). 


dsi  ^ 

dX  ‘  AX 


d"s^ 

_  d  1 

dX" 

[dX^"-'^  J 

(34) 

(35) 


In  general,  first  derivatives  provide  the  rate  of  change  of  reflectance  with 
wavelength,  while  second  derivatives  measure  the  curvature  or  rate  change  of  the  slope. 
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Higher  order  derivatives  deliver  finer  speetral  resolution  while  improving  signal  to  noise 
ratios  (Butler  and  Hopkins,  1970),  but  it  ean  be  mueh  more  diffieult  to  interpret  the 
measured  quantity  (Hedley  and  Mumby,  2002).  Nonetheless,  fourth  order  derivatives 
have  been  routinely  used  to  diseern  greater  information  in  areas  of  overlapping 
absorptions  due  to  pigments  and  atmospherie  absorptions  (Riehardson  et  ah,  1994; 
Hoehberg  and  Atkinson,  2000). 

In  the  interpretation  of  derivative  speetra,  maxima  represent  extrema  in  even 
derivatives  and  zero  erossing  in  odd  derivatives;  infleetion  points  in  the  original  speetra 
yield  zero  erossings  in  even  derivatives  and  extrema  in  odd  derivatives  (Talsky,  1994).  It 
is  also  important  to  understand  that  eaeh  sueeessive  even  ordered  derivative  is  180° 
opposite  of  the  refleetanee  speetra.  As  sueh,  the  positive  peaks  of  seeond  derivatives 
mark  absorptions  while  in  fourth  order  derivatives,  absorptions  are  represented  as 
troughs.  Sueeessive  derivatives  of  Gaussian  analytieal  bands  are  shown  in  Figure  27  in 
whieh  a)  shows  the  fundamental  eurve  at  the  bottom  and  building  to  the  fourth-order 
derivative  on  the  top,  while  b)  represents  a  fundamental  eurve  at  the  bottom  and  builds  to 
the  fourth-order  derivative  on  the  top  of  two  superposed  Gaussian  bands.  This  figure 
shows  that  with  this  teehnique,  overlapping  peaks  beeome  distinet,  their  magnitude 
quantifiable,  and  they  ean  be  related  to  the  abundanee  of  the  bioehemieal  or  mineral 
constituent  of  the  material  being  analyzed  (Talsky,  1994). 
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Figure  27.  Differentiation  of  eomputed  Gaussian  analytieal  bands,  a)  Fundamental 
eurve  and  its  first  to  fourth-order  derivatives;  b)  Fundamental  eurve  and  first  to 
fourth-order  derivatives  of  two  superposed  Gaussian  bands.  From  Talsky,  1994. 


Suceessive  differentiation  provides  inereased  definition  of  peaks  and  shoulders  as 
seen  in  Figure  28.  However,  while  peaks  and  shoulders  gain  increased  sharpness,  fiat 
portions  of  the  main  signal  disappear  altogether  when  higher-order  differentiation  is 
performed  (Talsky,  1994).  There  is  a  limit  to  the  amount  of  sharpness  in  that  sixth-order 
differentiation  and  higher  provide  minor  sharpening  to  the  signal  (Talsky,  1994). 
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Figure  28.  Signal  sharpening  by  differentiation  of  shoulders.  From  Talsky,  1994. 
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VII.  RESULTS 


A.  SPECTRAL  LIBRARY 

Table  3  provides  a  list  of  all  targets,  the  number  of  speetra  eolleeted,  whether  they 
were  eonsidered  for  further  analysis,  and  naming  convention  used  in  subsequent  analysis. 
After  inspection  of  the  spectra  collected  for  the  twenty-five  targets,  spectra  for  five 
targets  were  considered  invalid.  The  remaining  targets  (n=20)  were  then  grouped  based 
on  taxonomic  classification  to  compare  their  spectral  character.  This  resulted  in  five  main 
groupings:  Cyanobacteria,  Montipora  spp.,  Porites  spp.  and  Pocillopora  spp.  corals,  and 


the  algae. 


Target 

#  of  valid 
Spectra 

Action 

Taken 

Name  convention 

Algae  (Brown) 

5  of  5 

Analyzed 

Brown  Algae 

Algae  (Laurentia  spp..  Brown) 

5  of  5 

Analyzed 

Algae  Laurentia  spp. 

Algae  (Green) 

5  of  5 

Analyzed 

Green  Algae 

Coral  {Montipora  spp.) 

5  of  5 

Analyzed 

Montipora  spp.  1 

Coral  {Montipora  spp.) 

5  of  5 

Analyzed 

Montipora  spp.  2 

Coral  {Montipora  spp.) 

6  of  6 

Analyzed 

Montipora  spp.  3 

Coral  {Montipora  spp.) 

5  of  5 

Analyzed 

Montipora  spp.  4 

Coral  {Montipora  spp.)  non- 
pigmented 

6  of  6 

Analyzed 

Montipora  spp.  non- 
pigmented 

Coral  {Pocillopora  damicornis) 

5  of  5 

Analyzed 

Pocillopora  damicornis 

Coral  {Pocilliopora  ligulata) 

3  of  5 

Analyzed 

Pocillopora  ligulata 

Coral  {Porites  compressa  (cf.)) 

5  of  5 

Analyzed 

Porites  compressa  (cf.) 

Coral  {Porites  lobata) 

5  of  5 

Analyzed 

Porites  lobata  1 

Coral  {Porites  lobata) 

4  of  5 

Analyzed 

Porites  lobata  2 

Coral  {Porites  lobata) 

5  of  5 

Analyzed 

Porites  lobata  3 

Cyanobacteria  spp.  (Brown) 

0  of  5 

Discarded 

Cyanobacteria  spp.  (Brown) 

0  of  5 

Discarded 

Cyanobacteria  spp.  (Brown) 

0  of  5 

Discarded 

Cyanobacteria  spp.  (Brown) 

4  of  5 

Analyzed 

Cyanobacteria  5 

Cyanobacteria  spp  (Green) 

3  of  5 

Analyzed 

Cyanobacteria  1 

Cyanobacteria  spp  (Green) 

3  of  5 

Analyzed 

Cyanobacteria  2 

Cyanobacteria  spp  (Green) 

5  of  5 

Analyzed 

Cyanobacteria  3 

Cyanobacteria  spp.  (Green) 

0  of  5 

Discarded 

Cyanobacteria  spp.  (Green) 

3  of  5 

Analyzed 

Cyanobacteria  4 

Cyanobacteria  spp.  (Green) 

0  of  5 

Discarded 

Cyanobacteria  spp.  (Green) 

4  of  5 

Analyzed 

Cyanobacteria  6  (Above 
water) 

Table  3.  Spectral  library  table  of  all  targets  collected. 
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1.  Cyanobacteria  (n=6) 

Eleven  targets  of  eyanobaeteria  speetra  were  eolleeted  at  depths  of  1 .5  to  5  feet. 
However,  five  of  the  eleven  spectra  were  discarded  because  of  bad  collections  due  to 
errors  with  the  Ocean  Optics  spectrometer.  Therefore,  the  six  good  spectra  were  re¬ 
numbered  Cyanobacteria  1-6  for  ease  of  organization  Table  3. 

Reflectance  spectra  show  absorptions  from  410-442  nm  followed  by  increasing 
reflectance  with  minor  absorptions  until  approximately  524  nm  in  samples  1  through  5 
Figure  29.  At  524  nm,  these  spectra  begin  a  moderate  reflective  feature  peaking  in  the 
green  range  between  549-560  nm  with  the  exception  of  cyanobacteria  5  that  peaks  at  535 
nm. 

Sample  6  (above  water)  is  more  reflective  in  the  blue  and  green  region  than  the 
spectra  collected  below  water.  There  is  a  deflective  trough  apparent  around  517  nm  with 
the  more  dominant  absorption  around  549  nm.  This  absorption  ultimately  bottoms  out  at 
687  nm.  The  remaining  five  spectra  have  additional  absorption  peaks  between  570-580 
nm  following  their  green  reflective  feature.  Of  note,  cyanobacteria  number  5  has  its 
strongest  reflective  peak  at  605  nm  while  1  through  4  shows  a  lower  magnitude  peak 
between  600-610  nm.  Further  common  absorption  bands  occur  in  specimen  1  through  5 
at  622-634  nm  followed  by  reflective  point  between  648-654  nm;  see  Figure  29.  The 
dominant  absorption  in  all  spectra  remains  the  ubiquitous  chlorophyll  absorption  670-690 
nm. 
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Averaged  Cyanobacteria 


Figure  29.  Average  reflectance  spectra  for  cyanobacteria  samples  1  through  6. 


Second  derivatives  show  all  six  samples  share  the  following  absorption  bands; 
424-452  nm,  460-474  nm,  567-585  nm,  612-641  nm  and  660-700  nm;  see  Figure  30. 
Although  these  bands  are  common  to  each  of  the  six  samples,  each  has  differing  details 
that  make  them  unique.  Cyanobacteria  1  through  4  are  spectrally  most  similar  to  each 
other.  Additionally,  second  derivative  analyses  provide  the  greatest  resolution  of  details 
for  samples  1  through  5.  Spectra  1  through  4  have  absorption  peaks  around  407-408  nm, 
430-434  nm,  463-465  nm,  525-527  nm,  618-620  nm,  636-638  nm,  while  cyanobacteria  1 
through  5  have  peaks  at  575-577  nm,  594-596  nm,  and  668-671  nm. 

The  absorption  peaks  found  by  second  derivative  analysis  were  placed  for 
reference  in  a  table  (Appendix  E)  which  lists  solely  the  peaks  attributable  to 
cyanobacteria,  without  regard  to  their  magnitude  or  width  of  absorption. 
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2nd  Derivative  Anaiysis  Plot 
Cyanobacteria 


2,  Montipora  spp,  (n=4) 

Montipora  spp.,  which  in  the  Hawaiian  archipelago  is  most  often  characterized  by 
a  blue/purple  eolor,  is  the  only  target  that  indeed  reflects  appreciably  in  the  blue  region; 
see  Figure  31.  Of  the  five  Montipora  spp.  Spectra  collected,  one  is  unique  in  that  it  is 
void  of  pigments,  due  to  bleaching.  Reflectance  speetra  for  the  four  non-bleaehed 
Montipora  spp.  collections  illustrate  common  absorptions  between  419-435  nm  with 
moderate  reflection  throughout  the  blue  region  of  the  spectrum  and  becoming  negative  in 
slope  at  500  nm;  see  Figure  32.  Each  spectrum  has  a  strong  absorption  feature  prominent 
at  approximately  585  nm  with  a  reflective  hump  between  615-650  nm  followed  by  the 
strong  ehlorophyll  absorption  feature  of  670-690  nm. 
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Figure  3 1 .  Photograph  of  Montipora  spp. 


Averaged  Montipora  spp 


Figure  32.  Average  reflectance  spectra  ^ox Montipora  spp..  1  through  4. 


In  the  second  derivative  Figure  33  each  of  the  four  spectra  reveals  strong  positive 
absorption  between  661-694  nm  With.  Montipora  spp.  2  and  3  displaying  a  small  shoulder 
that  peaks  between  669-672  nm.  Montipora  spp.  1,  2  and  4  have  maximum  absorptions 
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at  684  nm  whereas  sample  3  has  a  maximum  at  689  nm.  Seeond  derivative  analyses 
highlight  the  speetral  similarity  between  spectra  1  and  4,  as  well  as  2  and  3.  Samples  1 
and  4  have  weak  absorption  bands  from  417-437  nm,  513-522  nm  and  536-543  nm. 
Montipora  spp.  2  and  3  have  small  positive  absorptions  at  423-435  nm,  460-468  nm  and 
495-501  nm.  Finally,  all  four  spectra  share  a  common  absorption  from  561-602  nm;  see 


Figure  33.  Second  derivatives  for  coral  target  Montipora  spp.  1  through  4. 


3,  Pontes  lobata  (n=3) 

All  three  Porites  lobata  reflectance  spectra  are  similar  with  absorptions  from  410- 
427  nm,  584-591  nm,  625-644  nm  and  665-680  nm  while  remaining  reflective  throughout 
the  green  portion  of  the  spectrum  peaking  at  approximately  577  nm.  Additional  peak 
reflections  exist  at  577  nm,  606  nm,  and  653  nm;  see  Figure  34. 
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Averaged  Porites  lobata 


Figure  34.  Average  refleetance  of  Porites  lobata  coral  targets  1  through  3. 


Second  derivative  analyses  characterize  only  slight  differences  between  the  three 
samples  with  P.  lobata  1  and  2  being  most  similar;  see  Figure  35.  Otherwise,  dominant 
absorption  features  mirror  each  other  in  each  of  the  spectra  at  556-566  nm,  585-598  nm, 
613-625  nm,  629-637  nm  and  662-693  nm. 


2nd  Derivative  Anaiysis  Plot 
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4,  Pocillopora  spp,  (n=2) 

Pocillopora  ligulata  is  primarily  reflective  in  the  green,  peaking  at  573  nm,  yet 
absorptions  are  seen  at  409-414  nm,  467  nm,  594  nm,  and  the  strongest  at  674  nm;  see 
Figure  36.  The  second  derivative  (Figure  36,  right  graph)  shows  that  multiple 
absorptions  occur  throughout  the  spectrum  with  the  more  prominent  bands  at  400-435 
nm,  458-473  nm,  536-551  nm,  586-599  nm,  613-640nm  and  660-698  nm.  These 
culminate  in  peaks  around  517  nm,  590  nm  and  690  nm  respectively. 

Pocillopora  ligulata  Pocillopora  ligulata 

2"'*  Derivative 

0.025 
0.02 
0.015 
0.01 
0.005 
0 

0.005 
-0.01 

Wavelength  (nm)  Wavelength  (nm) 

Figure  36.  Reflectance  spectrum  and  second  derivative  of  Pocillopora  ligulata. 


Pocillopora  damicornis  has  a  pyramid  shaped  reflectance  curve  that  displays 
absorption  at  405-420  nm  becoming  highly  reflective  with  a  peak  at  571  nm.  This  is 
followed  by  a  deep  absorption  that  maximizes  at  679  nm.  In  the  second  derivative  9 
absorptions  become  apparent,  417-442  nm,  455-474  nm  and  484-489  nm  in  the  blue 
band,  498-505  nm,  512-522  nm  and  536-546  nm  in  the  green  band,  and  587-598  nm, 
611-635  nm  and  a  much  broader  feature  between  656-692  nm  at  the  red  end  of  the 
spectrum. 

5,  Algae  (n=3) 

The  brown  algae  target  (refer  to  Table  3)  has  a  reflectance  spectrum  that 
highlights  absorptions  between  410-464  nm,  at  which  point  the  spectrum  becomes 
increasingly  more  reflective  up  through  587  nm,  where  it  peaks;  see  Figure  37.  There  is 
an  absorption  feature  around  557-570  nm,  but  the  more  outstanding  spectral  features 
occur  at  617-638  nm  and  677  nm.  In  the  second  derivative,  multiple  weak  absorptions 
are  seen  between  410-488  nm  ranging  from  4  nm  to  10  nm  wide;  see  Figure  38.  488-508 
nm  is  the  first  significant  absorption  albeit  with  a  relatively  small  magnitude,  as  is  the 
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535-543  nm  absorption.  There  is  a  moderately  strong  absorption  between  561-576  nm 
that  becomes  maxima  at  568  nm.  The  red  end  of  the  spectrum  features  two  small 
absorptions  at  600-621  nm  and  623-636  nm,  and  a  large  positive  absorption  around  660- 
695  nm  (displaying  duel  peaks  at  668  nm  and  684  nm). 


Brown  Algae  1 


Brown  Algae  1 
2"“  Derivative 


Figure  38.  Second  derivative  spectra  for  brown  algae. 
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The  reflectance  spectrum  of  Laurentia  spp.,  also  a  brown  alga,  shows  two  small 
depressions  between  419-429  nm  and  437-445  nm.  The  spectrum  then  becomes  more 
positively  reflective  at  500  nm  and  continues  this  trend  through  602  nm  with  a  prominent 
absorption  between  562-571  nm.  There  is  a  17  nm  wide  absorption  between  618-635  nm 
followed  by  a  second  reflectance  peak  at  646  nm;  see  Figure  39.  In  the  second 
derivative,  weak  absorptions  are  shown  in  the  blue  at  422-430  nm,  437-444  nm,  and  452- 
458  nm.  Broader  absorptions  exist  between  489-511  nm  and  552-545  nm.  A  prominent 
green  absorption  is  present  between  560-578  nm,  while  a  broader  absorption  is  portrayed 
in  the  red  from  610-636  nm;  all  of  which,  as  expected,  is  similar  to  the  Brown  algae 
spectrum  reported  above.  The  spectrum  also  exhibits  the  ubiquitous  667-695nm  Chi  a 
absorption  present  in  all  algae;  see  Figure  40. 


Algae:  Laurentia  spp. 
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Algae:  Laurentia  spp. 
2""  Derivative 


Reflectance  data  for  green  algae  shows  an  absorption  centered  around  400-441 
nm  with  the  spectrum  becoming  highly  reflective  around  495  nm,  peaking  at  566  nm. 
The  bands  590  nm  and  636  nm  mark  two  absorption  points,  while  the  strongest 
absorption,  again,  is  at  674  nm.  However,  a  reflective  peak  occurs  at  648  nm;  see  Figure 
41.  In  the  second  derivative,  all  of  the  above-mentioned  absorptions  are  highlighted  with 
two  additional  absorptions  becoming  apparent  at  457-473  nm  and  486-520  nm.  The 
larger  absorption  peaks  are  located  at  590  nm,  670  nm  and  682  nm  as  seen  in  Figure  42. 
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Green  Algae  mixed  with  possibie  cyanobacteria 


Green  Aigae  mixed  with  possibie  cyanobacteria 
2"“  Derivative 


Wavelength  (nm) 

Figure  42.  Second  derivative  spectral  for  a  green  algae  target. 
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B.  COMPARATIVE  RESULTS 

When  comparing  cyanobacteria  spectra  to  the  spectra  of  the  surrounding  benthic 
environment,  discriminative  characteristics  become  evident. 

1,  Porites  spp,  versus  Cyanobacteria  spp. 

The  reflective  range  of  645-660  nm  is  ambiguous  for  most  of  the  substrates,  but 
becomes  an  obvious  difference  between  cyanobacteria  and  P.  lobata,  which  is  weakly 
absorbent  in  the  640-649  range.  Spectra  of  the  targets  Porites  lobata  and  Porites 
compressa  (cf )  have  several  spectral  differences  between  them,  but  when  compared  to 
cyanobacteria  spectra  a  strong  discriminatory  characteristic  becomes  evident  for  both  at 
565-576  nm  (a  phycoerythrin  absorption)  as  shown  in  Figure  43  and  Figure  44. 
Additionally,  P.  compressa  (cf.)  provides  a  second  potential  discriminator  at  490-496  nm 
(also  due  to  phycoerythrin)  as  can  be  seen  in  Figure  44. 

2nd  Derivative  Anaiysis  Plot 
Porites  lobata  vs  Cyanobacteria  spp 


Wavelength  (nm) 

Figure  43.  Porites  lobata  versus  cyanobacteria  spp.  comparative  analysis. 


Cyanobacteria  1 
Cyanobacteria  2 
Cyanobacteria  3 
Cyanobacteria  4 
Cyanobacteria  5 

—  Porites  lobata  -1 

—  Porites  lobata  -2 

—  Porites  lobata  -3 
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Cyanobacteria  1 
Cyanobacteria  2 

—  Cyanobacteria  3 

—  Cyanobacteria  4 

—  Cyanobacteria  5 

—  Porites  compressa  (cf.) 


2nd  Derivative  Anaiysis  Piot 
Porites  compressa  (cf.)  vs  Cyanobacteria  spp 


-0.01 


-0.015 


Wavelength  (nm) 


Figure  44.  Porites  compressa  (cf.)  versus  cyanobacteria  spp.  comparative  analysis. 


2,  Pocillopora  spp,  versus  Cyanobacteria  spp, 

Pocillopora  ligulata  and  Pocillopora  damicornis  derivative  spectra,  Figure  45 
highlight  discrimination  bands  when  compared  to  cyanobacteria  derivative  spectra.  The 
stronger  of  the  two  exist  at  the  phycoerythrin  absorption  band  of  565-576  nm,  as 
previously  seen  with  the  Porites  spp.  spectra,  but  a  second  potential  feature  is  seen  at  the 
phycoerythrin  absorption  of  490-496  nm. 
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2nd  Derivative  Anaiysis  Plot 
Pocillopora  spp  vs  Cyanobacteria  spp 


-  Cyanobacteria  1 

-  Cyanobacteria  2 

-  Cyanobacteria  3 

-  Cyanobacteria  4 

-  Cyanobacteria  5 

-  Pocillopora  ligulata 

-  Pocillopora  damicornis 


Spectral 

Discriminator 


Wavelength  (nm) 


Figure  45.  Pocillopora  spp.  versus  cyanobacteria  spp.  comparative  analysis. 

3,  Montipom  spp,  versus  Cyanobacteria  spp, 

Montipora  spp.  is  unique  from  the  other  coral  reef  substrates  in  this  study  in  that  it 
has  a  broad  absorption  band  that  overlaps  the  phycoerythrin  absorption  at  565-576  nm. 
Since  phycoerythrin  is  a  cyanobacterial  pigment  and  is  not  present  in  coral  (Hedley  and 
Mumby,  2002)  this  absorption  must  be  due  to  an  accessory  pigment  not  identified  here, 
possibly  typical  of  this  genus  or  of  this  endemic  Hawaiian  species.  However,  Montipora 
spp.  can  be  spectrally  distinguished  from  cyanobacteria  at  the  phycocyanin  absorption 
band  of  615-632  nm,  as  shown  in  Figure  46. 
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2nd  Derivative  Anaiysis  Piot 

Cyanobacteria  1  Montipora  spp  vs  Cyanobacteria  spp 

Cyanobacteria  2  490-496  539-546  565-576  615-632  652-654 


4,  Algae  versus  Cyanabacteria  spp. 

Algae  appear  to  be  more  challenging  to  discriminate  from  cyanobacteria  than  the 
rest  of  the  substrates,  as  they  share  many  of  the  absorptions  attributed  to  cyanobacteria’s 
pigments.  However,  green  algae  are  spectrally  different  at  the  green  wavelengths  of 
565-576  nm,  because,  as  their  color  suggests,  they  are  reflective  in  this  region  of  the 
spectrum.  Although  Laurentia  spp.,  a  brown  alga,  is  more  difficult  to  discriminate  from 
cyanobacteria  than  green  algae,  there  is  a  small  difference  observed  between  647-652  nm, 
which  in  cyanobacteria  spp.  has  a  reflective  shoulders  that  may  be  attributed  to 
allophycocyanin,  which  is  not  present  in  the  Laurentia  spectrum,  see  Figure  47.  The 
derivative  plot  of  brown  algae  compared  to  cyanobacteria  is  not  shown  here  because  the 
reflectance  spectra  of  the  brown  algae  targets  were  so  bright  that  their  features 
overwhelm  the  less  intense  spectra  of  the  cyanobacteria,  making  it  difficult  to  graphically 
display  the  spectral  differences  in  a  comparative  plot. 
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2nd  Derivative  Anaiysis  Piot 
Algae  vs  Cyanobacteria  spp 
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Figure  47.  Algae  versus  eyanobacteria  spp.  comparative  analysis. 


5,  Allophycocyanin  Absorption 

There  is  one  potential  unique  spectral  discriminator  for  all  of  the  spectral  targets 
reported  in  this  thesis  located  in  the  647-652  nm  wavelengths.  Each  of  the  cyanobacteria 
spectra  has  a  reflective  band  from  642-660  nm,  as  does  each  of  the  reported  coral  reef 
substrates.  However,  all  of  the  cyanobacteria  targets  (with  the  exception  of  the  one 
collected  and  measured  above  water)  have  an  absorption  shoulder  at  the  wavelengths 
647-652  nm  that  is  attributable  to  an  allophycocyanin  absorption. 
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VIII.  DISCUSSION  AND  CONCLUSIONS 


A.  UNIQUE  ABSORPTIONS  OF  CYANOBACTERIA 

In  order  to  assess  and  evaluate  phyeobiliprotein  pigment  absorptions  indieative  of 
eyanobaeteria,  an  extensive  literature  seareb  was  summarized  in  Table  4,  wbieb  lists  all 
of  tbe  published  speetral  absorptions  of  eoral  reef  benthos  with  the  assoeiated  pigments 
responsible  for  the  absorptions.  This  table,  and  the  studies  it  referenees,  was  used  to 
interpret  the  speetral  features  reported  in  this  thesis. 


Pigments 

Absorption  Bands 

Source 

Chlorophylls 

Green 

Blue 

Red 

chl-a 

435 

670-680 

Medley  &  Mumby  (2002) 

430-435 

676 

Richardson  et  al.  (1994) 

418,  437-441 

623,  681 

Smith  &  Alberte  (1994) 

425,  445,  450 

Louchard  et  al.  (2002) 

422 

659 

Andrefouet  et  al.  (2003) 

678 

Lemasson  et  al.  (1973) 

439 

674 

Beach  et  al.  (1997) 

660,  680 

Jupp  et  al.  (1994) 

675 

Joyce  &  Phin  (2003) 

418-450 

660-680 

Combined  from  above  sources 

chl-b 

480 

650 

Medley  &  Mumby  (2002) 

470-480 

Louchard  et  al.  (2002) 

471, 490 

653 

Smith  &  Alberte  (1994) 

470-490 

650-653 

Combined  from  above  sources 

chl-c 

645 

Medley  &  Mumby  (2002) 

585 

Louchard  et  al.  (2002) 

465-469 

636 

Smith  &  Alberte  (1994) 

460 

633 

Beach  et  al.  (1997) 

460-469 

644-645 

Combined  from  above  sources 

Carotenoids 

a 

423, 444,  473 

Medley  &  Mumby  (2002) 

422, 448 

Andrefouet  et  al  (2003) 

422-423,  444-448 

Combined  from  above  sources 

P 

427,  449,  475 

Medley  &  Mumby  (2002) 

495 

Louchard  et  al.  (2002) 

492 

Smith  &  Alberte  (1994) 

492-495 

Combined  from  above  sources 

Peridinin 

475 

Medley  &  Mumby  (2002) 
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XanthoDhvlls 


Neoxanthin 


Lutein 


652-654 


Table  4.  Summary  of  biological  pigments  common  to  coral 

corresponding  references. 


Medley  &  Mumby  (2002) 


Louchard  et  al.  (2002) 


Medley  &  Mumby  (2002) 


Medley  &  Mumby  (2002) 


Louchard  et  al.  (2002) 


Medley  &  Mumby  (2002) 


Medley  &  Mumby  (2002) 


Smith  &  Alberte  ,  1994 


Beach  et  al.  (1997) 


Medley  &  Mumby  (2002) 


Medley  &  Mumby  (2002) 


Medley  &  Mumby  (2002) 


Medley  &  Mumby  (2002) 


Medley  &  Mumby  (2002) 


Louchard  et  al.  (2002) 


Roelfsema  et  al.  (2001) 


Smith  &  Alberte  (1994) 


Andrefouet  et  al.  (2003) 


Lemasson  et  al.  (1973) 


Beach  et  al.  (1997) 


Jupp  et  al.  (1994) 


Combined  from  above  sources 


Medley  &  Mumby  (2002) 


Roelfsema  et  al.  (2001.) 


Smith  &  Alberte  (1994) 


Andrefouet  et  al.  (2003) 


Lemasson  et  al.  (1973) 


Moge  et  al.  (1999) 


Beach  et  al.  (1997) 


Saffo  (1987) 


Jupp  et  al.  (1994) 


Combined  from  above  sources 


Medley  &  Mumby  (2002) 


Lemasson  et  al.  (1973) 


Combined  from  above  sources 


reef  environments  with 
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In  the  following  discussion,  all  spectral  targets  were  grouped  according  to  spectral 
absorptions  unique  to  cyanobacterial  pigments. 

1,  Phycoerythrin  Absorption  (490-496  nm)  I 

Let  us  recall  from  our  discussion  in  Chapter  V  that  phycoerythrin  primarily 
absorbs  in  the  green  band  (i.e.,  where  chlorophyll  is  reflective).  However,  it  does  have  a 
small  absorption  in  the  blue,  in  slightly  longer  wavelength  than  the  blue  chlorophyll 
absorption  (see  Table  4).  This  absorption  band  does  distinguish  cyanobacteria  from  P. 
lobata  and  Pocillopora  spp.  However,  when  compared  with  the  algae  (green  and  brown) 
and  Montipora  spp.  corals  this  wavelength  is  not  indicative  as  these  substrates  all  show 
absorptions  in  this  range,  making  this  absorption  band  limited  in  use  for  discriminative 
purposes. 

2,  Phycoerythrin  Absorption  (539-546  nm)  II 

None  of  the  cyanobacteria  in  this  sample  set  show  a  very  strong  absorption  within 
these  wavelengths.  Second  and  fourth  derivative  analysis  show  primarily  a  reflectance 
feature  within  this  band,  but  both  derivative  orders  highlight  either  a  shoulder  or  a 
distinct  absorption  peak  (specifically  in  cyanobacteria  5)  suggesting  an  influence  by  this 
pigment.  Five  of  the  cyanobacteria  targets  are  green  in  color,  while  cyanobacteria  5  is 
brown;  see  Figure  48.  It  can  therefore  be  inferred  that  the  chlorophyll  pigment,  which 
confers  the  green  color,  has  a  stronger  effect  on  the  reflectance  spectra  of  the  green 
cyanobacteria  than  the  absorption  feature  expected  of  Phycoerythrin  co-occurring  in  this 
region.  This  feature  is  in  fact  visible  in  the  brown  colored  cyanobacteria,  which 
presumably  has  a  lower  amount  of  chlorophyll  that  does  not  overpower  the  Phycoerythrin 
absorption. 


Figure  48.  Left  is  in  situ  photograph  of  brown-colored  cyanobacteria.  Right  is  in  situ 

photograph  of  green-colored  cyanobacteria. 
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Conversely,  all  coral  targets  show  an  absorption  in  this  region,  which  may  be 
attributed  to  the  accessory  pigment  fucoxanthin  (a  zooxanthellae  pigment  common  to  all 
reef  building  corals)  reported  to  absorb  at  545  nm  (Smith  and  Alberte,  1994;  see  Table  4). 
Although  it  is  interesting  to  see  it  cause  such  a  large  absorption,  it  not  surprising  since  all 
reef-building  corals  contain  large  amounts  of  zooxanthellae. 

Brown  algae  (including  Laurentia)  also  show  an  absorption  in  this  bandwidth 
while  the  green  alga  spectrum  shows  characteristics  similar  to  those  found  in 
cyanobacteria.  This  is  somewhat  expected  for  both  algae  based  on  color,  but  further 
investigation  (more  spectra  to  augment  the  existing  library)  is  necessary  in  the  future  to 
resolve  this  point. 

3,  Phycoerythrin  Absorption  (565-576  nm)  III 

When  compared  to  P.  lobata,  to  Pocillopora  spp.,  or  to  green  algae,  this 
wavelength  is  an  excellent  discriminator  for  detection  of  cyanobacteria.  This  is  not  the 
case  for  Montipora  spp.  or  brown  algae;  Montipora  spp.  spectra  have  a  broad  positive 
absorption  that  generally  begins  at  565  nm  and  ends  at  603  nm,  as  noted  in  the  Results 
chapter,  see  Figure  33,  brown  algae  have  a  narrower  absorption  band  of  560-578  nm. 
This  latter  feature  in  red/brown  algae  has  been  reported  by  Lemasson  et  al.  (1973)  and 
confirmed  in  Hedley  and  Mumby  (2002),  and  is  specific  to  rhodophytes;  see  Figure  49. 


Figure  49.  Image  of  Rhodaphyta,  “red-algae”.  Taken  from 
http;//www.ucmp.berkeley.edu/protista/rhodophyta.html  9  September  2006. 
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4,  Phycocyanin  Absorption  (595  nm)  I 

A  secondary  absorption  of  phycocyanin,  this  band  is  minimally  absorbed  in  each 
of  the  cyanobacteria  spectra.  All  coral  targets  show  high  absorptions  within  a  5  nm  range 
of  this  feature,  probably  attributable  to  the  Fucoxanthin  pigment  or  to  Chlorophyll  c;  see 
Table  4.  Laurentia  spp.  and  green  algae  spectra  show  minor  absorptions;  hence,  this  is 
not  a  good  cyanobacteria  discriminator  from  these  substrates  either.  However,  this 
wavelength  is  indeed  a  good  discriminator  between  cyanobacteria  and  brown  algae 
targets. 

5.  Phycocyanin  Absorption  (615-632  nm)  II 

All  spectral  targets  collected  except  Montipora  spp.  absorb  in  this  region,  through 
overlapping  absorptions  by  other  biochemical  constituents,  most  likely  due  to  chlorophyll 
c  (Table  4).  Thus,  this  bandwidth  fails  to  provide  a  good  spectral  discriminator  in  a 
mixed  coral  environment. 

6,  Allophycocyanin  Absorption  (652-654  nm) 

The  third  of  the  phycobiliprotein  pigments,  allophycocyanin,  uniquely  absorbs 
from  652-654  nm.  All  coral  targets  are  highly  reflective  in  this  region  as  well  as  the 
algae  targets,  potentially  making  this  a  good  discriminator  wavelength  for  cyanobacteria 
detection.  However,  all  but  cyanobacteria  6  (the  sample  collected  above  water),  have 
reflective  properties  in  the  645-660  nm  range.  Second  derivatives  analysis  however 
shows  a  shoulder  that  is  prominent  in  all  five  remaining  cyanobacteria  spectra  between 
648-650  nm,  possibly  suggesting  allophycocyanin  presence.  The  green  and  brown  algae 
targets  are  reflective  in  this  wavelength  while  Laurentia  spp.  displays  a  shoulder  near  643 
nm,  similar  to  the  cyanobacteria  spectra.  Therefore,  this  feature  serves  as  a  minor 
discriminator  against  coral  targets  and  most  algae. 

7.  515-522  nm  Absorption 

A  thorough  literature  search  provided  no  other  reports  of  this  absorption  in  the 
marine  environment  (cf.  Table  4),  but  inspection  of  spectra  shown  in  Beach  et  al.  (1997), 
Jupp  et  al.  (1994),  Holden  and  LeDrew  (2002),  Wettle  et  ah,  (2003),  and  Hochberg  et  al. 
(2004)  show  varying  degrees  of  absorption  in  this  region.  However,  each  fails  to  report 
the  contributing  cause. 
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8.  Summary  of  Comparisons 

In  summary,  the  phycoerythrin  absorption  at  564-576  nm  appears  to  provide  the 
greatest  level  of  diserimination  for  green  algae,  Pocillopora  spp.,  P.  compressa  (ef) 
substrates,  but  espeeially  P.  lobata.  This  absorption  range  does  not  provide  a  distinetion 
for  neither  brown  algae  nor  Montipora  spp.  Despite  this  ehallenge,  a  distinet 
elassifieation  exists  at  the  phyeoeyanin  absorption  at  615-632  nm.  However,  brown 
algae,  ineluding  Laurentia,  are  mueh  more  diffieult  to  diseern  when  eompared  to 
eyanobaeteria.  Only  small  differenees  were  found  to  exist  at  690-694  nm,  whieh 
eoineides  with  an  allophyeoeyanin  absorption.  Upon  elose  inspeetion,  most  of  the 
eyanobaeteria  samples  show  a  small  absorption  shoulder  at  approximately  690-692  nm,  a 
eharaeteristie  not  found  in  any  of  the  algae  samples. 

9,  Comparison  to  Previously  Reported  Spectra 

Several  authors  sueh  as  Hoehberg  and  Atkinson  (2000),  Holden  and  LeDrew 
(1999  and  2001)  and  Andrefouet  (2003)  have  reported  several  eoral  speetra  eolleeted  in 
the  Paeifie  Oeean  with  Hoehberg’s  et  al.  (2006)  work  foeusing  on  eorals  in  the  Hawaiian 
Islands.  Speetra  eolleeted  for  this  study  were  eompared  to  these  papers  and  seemed  to 
mateh  elosely  with  what  was  reported.  Curiously,  P.  lobata  speetra  reported  in  this  thesis 
differed  slightly  from  other  papers  as  all  three  speetra  show  a  double-peaked  absorption 
between  613-634  nm  not  readily  attributed  to  any  of  the  pigments  reported  in  Table  4. 
Hoehberg  et  al.  (2006)  measured  refleetanee  speetra  for  P.  lobata  in  the  main  Hawaiian 
Islands  but  did  not  show  any  seeond  derivative  analysis  of  sueh  absorptions.  Holden  and 
LeDrew  (2001),  who  eondueted  extensive  work  with  seeond  derivative  analysis  of  eoral 
environments,  speeifieally  point  out  a  refleetive  maximum  between  610-650  nm  in  P. 
lobata,  whieh  is  in  eontrast  to  the  absorptions  reported  here,  but  no  further  information  is 
provided.  This  eould  be  attributed  to  evolutionary  differenees  between  the  P.  lobata 
speeies  found  in  Midway  Atoll  and  that  found  in  the  Fiji  Islands,  where  Holden  and 
LeDrew  earried  out  their  speetral  work.  It  would  be  interesting  if  these  speeies 
differenees  may  eome  aeross  speetrally  as  suggested  here,  but  further  researeh  would  be 
needed  to  support  this.  Additionally,  a  weak  absorption  feature  exists  at  537  nm  in  eaeh 
of  the  P.  lobata  speetra,  whieh  is  also  reported  in  Hoehberg  et  al.  (2000),  Hoehberg  et  al. 
(2004),  Hoehberg  et  al.  (2006)  as  well  as  Holden  and  LeDrew  (1999). 
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B,  APPLICABILITY  TO  AIRBORNE  SENSORS 

1.  AVIRIS 

AVIRIS  has  great  potential  to  detect  the  narrow  bandwidth  absorption  features  of 
cyanobacteria  because  of  its  high  spectral  resolution.  Richardson  et  al.  (1994)  conducted 
a  study  using  AVIRIS  to  detect  photosynthetic  accessory  pigments  in  saltwater  ponds 
throughout  the  San  Francisco  Bay  area.  Their  research  used  20  nm  resampled  AVIRIS 
data  to  generate  fourth  order  derivatives,  which  were  compared  to  field  spectra  from  a 
Shimadzu  UVA^IS  scanning  spectrophotometer.  This  study  clearly  shows  the  potential 
that  AVIRIS  has  in  detecting  narrow  bandwidth  absorptions  found  in  the  marine 
environment.  Despite  the  10  nm  nominal  spectral  resolution,  AVIRIS  was  able  to  detect 
two  relatively  narrow  absorption  peaks,  508  nm  (carotenoid  myxoxanthophyll)  and  632 
nm  (phycocyanin).  However  Richardson  et  al.  (1994)’s  study  was  aimed  at  detecting 
phytoplankton  pigments  in  the  water  column,  rather  than  pigments  found  in  benthic 
environments,  which  is  a  more  difficult  task  as  the  signal  is  confounded  by  the  water 
column. 

When  considering  AVIRIS’  ability  in  detecting  the  narrow  bandwidths  reported  in 
this  thesis,  spatial  resolution  becomes  an  equally  important  factor  to  identify 
cyanobacteria  within  an  image.  When  flown  from  the  ER-2,  AVIRIS  has  a  nominal  pixel 
resolution  of  17-20  meters.  In  a  mixed  substrate  of  algae,  coral,  and  cyanobacteria,  this 
would  make  detection  of  cyanobacteria  challenging  unless  cyanobacterial  mats  are  so 
extensive  that  they  are  the  dominant  feature  of  the  pixel.  However,  when  flown  from  the 
NOAA  Twin  Otter  aircraft,  spatial  resolutions  of  2-4  meters  are  achievable,  making  this 
the  preferred  platform  for  imaging  Midway  Atoll  if  the  AVIRIS  sensor  is  to  be  used. 

To  simulate  an  AVIRIS  collection  and  determine  its  viability  in  detecting 
cyanobacteria  in  Midway  Atoll  from  a  purely  spectral  resolution  standpoint,  the  original 
reflectance  data  was  resampled  to  10  nm  (the  resolution  of  the  AVIRIS  sensor)  and  then 
successive  derivative  orders  were  applied.  The  new  second  derivatives  were  then 
compared  as  reported  in  Chapter  VII  to  determine  what  unique  discriminate 
characteristics  were  preserved.  Although  the  allophycocyanin  “shoulder”  absorptions 
(652-654  nm)  unique  to  the  cyanobacteria  disappeared,  the  565-576  nm  (phycoerythrin) 

spectral  discriminator  retained  prominent  differences  between  P.  lobata,  P.  compressa 
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(cf.),  P.  ligulata,  P.  damicornis,  the  green  algae  and  the  eyanobacteria  targets  (see  Figure 
50,  Figure  51,  Figure  52,  and  Figure  53).  The  phycoerythrin  absorption  490-496  nm  also 
retained  the  differences  previously  reported  for  P.  compressa  (cf ),  P.  ligulata,  and  P. 
damicornis  and  the  cyanobacteria  spectra;  see  Figure  50,  Figure  51  and  Figure  52. 


2nd  Derivative  @  10  nm 
Porites  lobata  vs  Cyanobacteria  spp. 


Wavelength  (nm) 


Figure  50. 


Resampled  to  10  nm  Porites  lobata  versus  cyanobacteria  spp.  comparative 

analysis. 


2nd  Derivative  @10  nm 
Porites  compressa  (cf.)  vs  Cyanobacteria  spp. 


490-496 


539-546 


565-576 


615632  652-654 


0.004 

0.003 

0.002 

0.001 

0 


-0.001 
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-0.003 
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Wavelength  (nm) 


Figure  5 1 .  Resampled  to  10  nm  Porites  compressa  (cf )  versus  cyanobacteria  spp. 

comparative  analysis. 
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2nd  Derivative  @10  nm 

Cyanobacteria  1  Pocillopora  spp.  vs  Cyanobacteria  spp. 

—  Cyanobacteria  2 


Figure  52.  Resampled  to  10  nm  Pocillopora  spp.  versus  cyanobacteria  spp. 

comparative  analysis. 


Cyanobacteria  1 
Cyanobacteria  2 


2nd  Derivative  @10  nm 
Algae  spp.  vs  Cyanobacteria  spp. 


Figure  53.  Resampled  to  10  nm  algae  versus  cyanobacteria  spp.  comparative 

analysis. 
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Resampled  data  show  spectral  differences  between  Montipora  spp.  and 
cyanobacteria  at  the  phycocyanin  absorption  615-632  nm,  as  can  be  seen  in  Figure  54. 


2nd  Derivative  @  10  nm 
Montipora  spp.  vs  Cyanobacteria  spp. 

Cyanobacteria  1  49cm96  53^45  ses-sze  sss  6i&€32  052.654 


Figure  54.  Resampled  to  10  rmv  Montipora  spp.  versus  cyanobacteria  spp. 

comparative  analysis  plot. 


2.  HYMAP 

Work  by  Richardson  et  al.  (1999)  applied  to  AVIRIS  data  concluded  that  it  is 
possible  to  detect  narrowband  absorptions  indicative  of  cyanobacteria  suspended  in  the 
water  column,  exploiting  several  wavelengths  in  the  visible  range  of  the  spectrum.  In 
contrast  to  AVIRIS,  HyMap  lacks  spectral  coverage  in  the  critical  range  400-450  nm,  a 
primary  absorption  by  Chlorophyll  a.  However,  this  thesis  did  not  find  significant 
spectral  differences  in  this  region. 

Resampling  the  data  from  the  Results  (Chapter  VII)  to  15  nm,  which  is  HyMap ’s 
spectral  resolution,  again  produced  promising  results  for  HyMap ’s  ability  to  detect  the 
565-576  nm  phycoerythrin  absorptions  that  spectrally  discriminate  P.  lobata,  P. 
compressa  (cf),  P.  ligulata  and  P.  damicornis  from  cyanobacteria.  At  this  coarser 
resolution,  P.  lobata  and  cyanobacteria  resampled  spectra  show  a  second  potential 
spectral  discriminator  at  the  490-496nm  phycoerythrin  absorption  not  noticeable  before 
while  P.  compressa  (cf),  P.  ligulata,  and  P.  damicornis  corroborate  findings  of  the 
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higher  spectral  resolution  showing  2  important  spectral  discriminator  wavelengths;  see 
Figure  55,  Figure  56,  and  Figure  57.  However,  as  shown  in  Figure  58,  the  algae 
resampled  spectra  did  not  show  any  good  discriminative  wavelengths  when  compared  to 
the  cyanobacteria. 


Figure  55.  Resampled  to  15  nm  Porites  lobata  versus  cyanobacteria  spp.  comparative 

analysis. 


-  Porites  compressa 

-  Cyanobacteria  1 

-  Cyanobacteria  2 

Cyanobacteria  3  490^96 

Cyanobacteria  4 
Cyanobacteria  5 


2nd  Derivative  @15  nm 
Porites  compressa  (cf.)  vs  Cyanobacteria  spp. 


Spectral 

Discriminator 


Wavelength  (nm) 


Figure  56.  Resampled  to  15  nm  Porites  compressa  (cf.)  versus  cyanobacteria  spp. 

comparative  analysis. 
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2nd  Derivative  @15  nm 
Pocillopora  s|>|).  vs  Cyanobacteria  spp. 


Spectral 

Discriminator 


-  Pocillopora  ligulata 

-  Pocillopora  damicornis 

-  Cyanobacteria  1 

-  Cyanobacteria  2 
Cyanobacteria  3 
Cyanobacteria  4 

-  Cyanobacteria  5 


Wavelength  (nm) 


Figure  57.  Resampled  to  15  nm  Pocillopora  spp.  versus  eyanobacteria  spp. 

comparative  analysisy. 
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2nd  Derivative  @15  nm 
Aigae  vs^Cyanobacteria  spp. 
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Figure  58.  Resampled  to  15  nm  algae  versus  cyanobacteria  spp.  comparative 

analysis. 


After  resampling,  Montipora  spp.  retains  its  spectral  discriminator  at  the 
phycocyanin  absorption  of  615-632  nm;  see  Figure  59.  Flowever,  none  of  the  spectra 
resampled  with  HyMap’s  15nm  resolution  detect  the  allophycocyanin  absorption  652-654 
nm,  which  was  to  be  expected  since  this  was  a  very  narrow  feature. 
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—  Montipora  spp.  1 

—  Montipora  spp.  2  49^496 

—  Montipora  spp.  3 

—  Montipora  spp.  4 
Cyanobacteria  1 

—  Cyanobacteria  2 
Cyanobacteria  3 

—  Cyanobacteria  4 

—  Cyanobacteria  5 


2nd  Derivative  @15  nm 
Montipora  sggj,vs  Cyanobacteria  spp. 


Wavelength  (nm) 


Figure  59.  Resampled  to  15  nm  Montipora  spp.  versus  cyanobacteria  spp. 

comparative  analysis. 


3.  CASI 

CASI  has  the  greatest  potential  for  the  ability  to  detect  benthic  cyanobacteria  in 
the  Lyngbya  genus  at  Midway  Atoll.  Combined  with  derivative  analysis,  CASI  appears 
to  be  the  imager  of  choice  for  detecting  the  spectral  characteristics  indicative  of  this 
study.  In  spatial  mode,  selected  bands  can  be  programmed  over  the  discriminative 
wavelength  pointed  out  in  this  study.  This  will  allow  spatial  resolutions  close  to  Im, 
which  is  highly  beneficial  for  a  heterogeneous  coral  reef  environment  like  the  one  found 
at  Midway  Atoll.  Spectral  assignments  should  be  designed  to  center  on  the  phycoerythrin 
absorption  at  565  to  576  nm  when  operating  over  a  known  mixed  benthic  coral  reef 
environment  consisting  of  P.  lobata  (Figure  60),  P.  compressa  (cf)  (Figure  61),  P. 
Ugulata  and  P.  damicornis  (Figure  62),  and  green  algae,  (Figure  63).  If  operating  over  a 
known  substrate  that  only  includes  Montipora  spp.,  greater  emphasis  should  be  placed  on 
the  615-632  nm,  as  seen  in  Figure  64. 

In  hyperspectral  mode,  as  many  as  72  spectral  bands  can  be  assigned  with  a 
spectral  resolution  of  4.2  to  4.3  nm  (McFee  and  Ripley,  1997).  However,  Lewotsky 
(1994)  reports  an  average  of  3  nm  spectral  resolution,  which  is  the  one  chosen  for  the 
resampling  purposes  in  this  thesis. 
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2nd  Derivative  Resampled  @  3  nm 
Porites  lobata  vs  Cyanobacteria  spp. 


Wavelength  (nm) 

Figure  60.  Resampled  to  3  nm  Porites  lobata  versus  eyanobacteria  spp.  comparative 

analysis. 


2nd  Derivative  Resampled  @  3  nm 
Porites  compressa  (cf.)  vs  Cyanobacteria  spp. 
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Figure  61 .  Resampled  to  3  nm  Porites  compressa  (cf.)  versus  cyanobacteria  spp. 

comparative  analysis. 
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2nd  Derivative  Resampied  @  3  nm 
Pocillopora  spp  vs  Cyanobacteria  spp. 
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Figure  62.  Resampled  to  3  nm  Pocillopora  spp.  versus  cyanobacteria  spp. 

comparative  analysis. 


Cyanobacteria  1 


2nd  Derivative  Resampied  @  3  nm 
Algae  spp.  vs  Cyanobacteria  spp. 
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Figure  63.  Resampled  to  3  nm  algae  versus  cyanobacteria  spp.  comparative  analysis. 
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—  Montipora  spp.  2 
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—  Montipora  spp.  4 


2nd  Derivative  Resampied  @  3  nm 
Montipora  spp  vs  Cyanobacteria  spp. 
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Figure  64.  Resampled  to  3  nm  Montipora  spp.  versus  cyanobacteria  spp.  comparative 

analysis. 
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IX.  FUTURE  WORK 


A.  LESSONS  LEARNED 

1.  Larger  Sample  Size 

Although  this  study  produced  good  preliminary  results,  the  limited  sample  size  of 
20  total  targets  measured  in  situ  with  the  spectroradiometer  cannot  yet  provide 
statistically  rigorous  results  that  can  be  used  reliably  to  guide  an  airborne  sensor 
deployment,  and  needs  therefore  to  be  augmented  with  additional  spectra.  Additionally, 
in  this  study  spectra  collections  were  carried  out  only  in  two  areas  within  Midway  Atoll 
(known  to  Midway  staff  as  “Rusty  Bucket”  and  “Reef  Hotel”),  whieh  were  known  for  the 
presenee  of  iron  produets  and  of  extensive  benthie  eyanobaeteria  mats  in  the  Lyngbya 
genus,  doeumented  by  other  researehers  shortly  before  our  field  trip  to  Midway  Atoll. 
These  loeations  were  eonvenient  for  the  purpose  of  eonducting  ground  truth  speetral 
collections,  but  future  spectra  collections  should  gather  data  throughout  Midway  Atoll  in 
order  to  augment  the  speetral  library  of  organisms  existing  in  this  diverse  eoral  reef 
environment.  A  more  thorough  search  of  the  presence  of  cyanobacterial  mats  throughout 
the  atoll  would  also  be  important,  aided  by  the  photographie  library  of  the  target 
eyanobaeteria  shown  in  Appendix  B,  so  that  a  greater  number  of  speetra  ean  be  aequired 
for  this  orhieal  target  speeies. 

2.  Spectrometer 

The  USB2000  Fiber  Optic  Spectrometer  is  a  high  quality  spectrum  collector  that 
has  been  used  in  the  past  by  several  researehers.  Despite  eonducting  numerous  tests  prior 
to  the  fieldwork  in  Midway  Atoll,  the  USB2000  showed  a  great  deal  of  noise  in  each  of 
the  spectra  collected  for  this  study.  Although  this  ehallenge  was  overeome  by  smoothing 
the  speetra  as  reported  in  Chapter  VI,  future  endeavors  need  to  eonsider  earrying  a 
second  spectrometer  as  a  backup  in  the  event  similar  problems  are  experienced. 


B,  FUTURE  WORK 

1,  Validate  Results 

Beeause  of  the  small  sample  size  eollected  for  this  thesis,  follow  on  work  is 


neeessary  to  validate  the  results  reported  in  Chapter  VII.  Provided  the  results  of  this 
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study  are  corroborated,  future  work  in  Midway  Atoll  will  serve  to  increase  the  sample 
size  and  lend  greater  statistical  significance  to  these  results.  Ultimately,  it  would  be 
useful  to  test  the  hypothesis  outlined  in  this  thesis  in  benthic  environments  other  than 
Midway  Atoll.  Tropical  waters  tend  to  be  the  ideal  laboratory  for  remote  sensing  studies, 
since  these  environments  are  typically  classified  as  Type  I  optical  waters,  i.e.,  of  great 
clarity  and  high  light  penetration. 

2,  Test  Hypothesis  with  Airborne  Sensor 

Besides  augmenting  the  spectral  library  acquired  for  this  study  and  corroborating 
the  results  presented  here,  the  next  step  would  be  to  conduct  a  collection  with  an  airborne 
sensor  over  Midway  Atoll,  and  test  airborne  imagery’s  ability  to  detect  Lyngbya  spp.  As 
reported  in  Chapter  IX,  any  of  the  three  sensors  (AVIRIS,  HyMap,  or  CASI)  could  be 
utilized  to  detect  the  presence  of  cyanobacteria  in  the  benthic  environment  of  Midway 
Atoll,  although  CASI  would  be  the  preferred  sensor  for  the  reason  outlined  in  the 
previous  chapter. 
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APPENDIX  A.  FIELD  LOGSHEETS 


Montipora  spp.  1 


Wavelength  (nm) 


Target: 

Montipora  spp.. 

Size/Morphology: 

Small,  encrusting 

GPS 

23-14.795  N 

177-19.537  W 

Depth: 

2  feet 

Date: 

23  Jul  2006  @  13:59 

Dive  dist/bearing  from  boat: 

5  meter  SE 

Photo  # 

Img  000  Line 

Spectrum  #: 

0001  -  Nadir  View  @  1359 

200 

0002  -  North  View  @  1359 

220 

0003  -  East  View  @  1359 

270 

0004  -  South  View  @  1400 

270 

0005  -  West  View  @  1400 

250 

Surrounding  substrate: 

Sand,  live/dead  eoral 

Notes:  Patch  reef  with  north  side  mostly  living  coral  while  the  southern  and  western 
edges  were  mostly  dead.  Reference  speetrum  was  nearly  off  the  charts,  but  the  reflective 
spectrum  was  fairly  flat. 
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Porites  spp.  1 


Wavelength  (nm) 


Target: 

Porite  lobata/lutea/  compressa 

Size/Morphology: 

Small  Branching 

GPS 

28-14.795  N 

177-19.537  W 

Depth: 

2.5  Feet 

Date: 

23  Jul  2006  @  14:02 

Dive  dist/bearing  from  boat: 

5  meter  SE 

Photo  # 

Ime  0002. ins 

Spectrum  #: 

0006  -  Nadir  View  @  1402 

220 

0007  -  North  View  @  1402 

220 

0008  -  East  View  @  1402 

230 

0009  -  South  View  @  1403 

220 

0010-  West  View  @  1403 

Surrounding  substrate: 

Sand,  live/dead  eoral 

Notes:  Patch  reef  with  north  side  mostly  living  coral  while  the  southern  and  western 
edges  were  mostly  dead.  Reference  speetrum  was  nearly  off  the  charts,  but  the  reflective 
spectrum  was  fairly  flat. 
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Pocillopora  ligulata 


Target: 

Pocillopora  ligulata 

Size/Morphology: 

Small  Branching 

GPS 

28-14.795  N 

177-19.537  W 

Depth: 

2.5  Feet 

Date: 

23  Jul  2006  @  14:04 

Dive  dist/bearing  from  boat: 

5  meter  SE 

Photo  # 

Img  0003.102 

Spectrum  #: 

0011  -  Nadir  View  @  1404 

200 

0012  -  North  View  @  1405 

55 

0013  -  East  View  @  1405 

0014-  South  View  @  1405 

0015  -  West  View  @  1405 

150 

Surrounding  substrate: 

Sand,  live/dead  coral 

Notes:  Nadir  view.  Patch  reef  with  north  side  mostly  living  coral  while  the  southern  and 
western  edges  were  mostly  dead.  Reference  spectrum  was  nearly  off  the  charts,  but  the 
reflective  spectrum  was  fairly  flat.  Branching  coral. 
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Brown  Algae 


Target: 

Brown  Algae 

Size/Morphology: 

Small  encrusting 

GPS 

28-14.795  N 

177-19.537  W 

Dive  dist/bearing  from  boat: 

5  meter  SE 

Depth: 

1.5  Feet 

Date: 

23  Jul  2006  @  14:11 

Pboto  # 

Img  0004. ing 

Spectrum  #: 

0016 1411 

50 

0017 1411 

55 

0018 1411 

60 

0019 1411 

60 

0020 1412 

40 

Surrounding  substrate: 

Sand,  live/dead  coral 

Notes:  Patch  reef  with  north  side  mostly  living  coral  while  the  southern  and  western 
edges  were  mostly  dead.  Reference  speetrum  was  nearly  off  the  charts,  but  the  reflective 
spectrum  was  fairly  flat.  All  spectra  taken  with  a  nadir  view.  Brown  Algae. 
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Pocillopora  damicornis 


Target: 

Pocillopora  damicornis 

Size/Morphology: 

Small  Branching  Coral 

GPS 

28-12.996  N 

177-23.434  W 

Depth: 

2.5  feet 

Date: 

24  Jul  2006  @  11:15 

Dive  dist/bearing  from  boat: 

4  meter  N 

Photo  # 

Img  0009. ine 

Spectrum  #: 

0036 1115 

120 

0037 1116 

150 

0038 1116 

165 

0039 1117 

160 

0040 1118 

120 

Surrounding  substrate: 

Dead  eoral  (continued  in  notes) 

Notes:  Sporadic  branching  coral,  mostly  dead  coral  with  some  rubble  and  sand.  Quite  a 
bit  of  the  brown  cyanobacteria  throughout  along  with  small  green  plantlike  things. 
Several  urchins  in  the  area. 

Rusty  Bucket 
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Montipora  spp.  2 


Target: 

Montipora  flabellata/capitata 

Size/Morphology: 

Medium  Encrusting 

GPS 

28-16.662  N 

177-22.043  W 

Depth: 

4.5  Feet 

Date: 

24  July  2006  @  15:01 

Dive  dist/bearing  from  boat: 

8  meter  N 

Photo  # 

Img  OOlO.ing 

Spectrum  #: 

0041  1501 

60 

0042 1502 

75 

0043  1502 

55 

0044 1502 

35 

0045  1502 

40 

Surrounding  substrate: 

Metal  debris  (see  notes) 

Notes:  Sand,  dead  coral,  green  algae  stuff,  urchins. 

Cloudy  condition 

Reef  Hotel 

94 


Montipora  spp.  3 


Target: 

Montipora  flabellate 

Size/Morphology: 

Medium  Encrusting 

GPS 

28-16.662  N 

177-22.043  W 

Depth: 

3.5  Feet 

Date: 

24  July  2006  @  15:06 

Dive  dist/bearing  from  boat: 

9  meter  N 

Photo  # 

Img  001  Line 

Spectrum  #: 

0046 1506 

70 

0047 1506 

55 

0048 1506 

80 

0049  -  @  1506  sun  out 

40 

0050 1507 

65 

0051  1507 

60 

Surrounding  substrate: 

Metal  debris  (see  notes) 

Notes:  Sand,  dead  coral,  green  algae  stuff,  urchins. 

Cloudy  conditions 

Reef  Hotel 
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Cyanobacteria  1 


Target: 

Green  w/  white  stalks  Cyanobacteria 

Size/Morphology: 

Medium  Encrusting 

GPS 

28-16.662  N 

177-22.043  W 

Depth: 

3.8  Feet 

Date: 

24  July  2006  @  15:16 

Dive  dist/bearing  from  boat: 

6  meter  N 

Photo  # 

Img  0012.iDg,  Img  0013. ing,! 

[mg  0014. ing 

Spectrum  #: 

0052 1516 

55 

0053 1516 

75 

0054 1517 

0055 1518 

50 

0056 1521 

Surrounding  substrate: 

Metal  debris  (see  notes) 

Notes:  Sand,  dead  coral,  green  algae  stuff,  urchins 

Took  samples  and  placed  in  vials  (52-56)  as  sample  #  004 

Reef  Hotel 

Unclear  as  for  difference  between  0052  and  the  rest. 
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Cyanobacteria  2 


Target: 

Green  w/  white  stalks  Cyanobacteria 

Size/Morphology: 

Medium  Encrusting 

GPS 

28-16.662  N 

177-22.043  W 

Depth: 

4.5  Feet 

Date: 

24  July  2006  @  15:31 

Dive  dist/bearing  from  boat: 

7  meter  N 

Photo  # 

Img  0015.iDg,  Img  0016.iDg,  Img  0017. ing 

Spectrum  #: 

0057 1531 

50 

0058 1531 

0059 1532 

0060 1532 

150 

0061  1532 

150 

Surrounding  substrate: 

Metal  debris  (see  notes) 

Notes:  Sand,  dead  coral,  green  algae  stuff,  urchins 

Reef  Hotel 

Blurry  photos 
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Cyanobacteria  2 


Target: 

Green  w/  white  stalks  Cyanobacteria 

Size/Morphology: 

Medium  Encrusting 

GPS 

28-16.662  N 

177-22.043  W 

Depth: 

5  Eeet 

Date: 

24  July  2006  @  15:39 

Dive  dist/bearing  from  boat: 

10  meter  N 

Photo  # 

N/A 

Spectrum  #: 

0062 1539 

100 

0063 1541 

100 

0064 1541 

100 

0065 1542 

70 

0066 1542 

120 

Surrounding  substrate: 

Metal  debris  (see  notes) 

Notes:  Sand,  dead  coral,  green  algae  stuff,  urchins 

Took  samples  and  placed  in  vial  (62-66)  as  sample  #  005 

Reef  Hotel 

Evaluated  as  cyanobacteria  Lyngbya  (majuscula  or  semiplena) 

Green  cyanobacteria  by  similar  target 
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Montipora  spp.  4 


Target: 

Montipora  spp.  -  pigmented 

Size/Morphology: 

Medium  Encrusting 

GPS 

28-16.645  N 

177-22.049  W 

Depth: 

2.5  Feet 

Date: 

25  July  2006  @  10:34 

Dive  dist/bearing  from  boat: 

4.5  meter  SE 

Photo  # 

Img  0022.ir)g 

Spectrum  #: 

0072 1034 

170 

0073 1035 

150 

0074 1035 

145 

0075 1035 

150 

0076 1035 

220 

Surrounding  substrate: 

Iron  rafters  (see  notes) 

Notes:  Iron  rafters,  live/dead  coral,  Lyngbya  patches,  urchins,  rock  and  sand. 

Reef  Hotel 
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Montipora  spp.  Bleached 


Target: 

Montipora  spp..  -  bleached 

Size/Morphology: 

TBD 

GPS 

28-16.645  N 

177-22.049  W 

Depth: 

3  Feet 

Date: 

25  July  2006  (a),  10:35 

Dive  dist/bearing  from  boat: 

4.6  meter  SE 

Photo  # 

Img  002  Ling 

Spectrum  #: 

0077 1035 

150 

0078 1035 

140 

0079 1036 

150 

0080 1036 

145 

0081  1036 

150 

0082 1036 

170 

Surrounding  substrate: 

Iron  rafters  (see  notes) 

Notes:  Iron  rafters,  live/dead  coral,  Lyngbya  patches,  urchins,  rock  and  sand. 

Reef  Hotel 
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Cyanobacteria  4 


Target: 

Green  w/white  stalks  Cyanobacteria 

Size/Morphology: 

Small  encrusting 

GPS 

28-16.645  N 

177-22.049  W 

Depth: 

3.5  Feet 

Date: 

25  July  2006  @  10:44 

Dive  dist/bearing  from  boat: 

10  meter  NW 

Photo  # 

Img  0026. ing,  Img  0027. ing 

Spectrum  #: 

0083 1044 

0084 1044 

60 

0085 1045 

75 

0086 1045 

0087 1045 

90 

Surrounding  substrate: 

Iron  rafters  (see  notes) 

Notes:  Iron  rafters,  live/dead  coral,  Lyngbya  patches,  urchins,  rock  and  sand. 

Reef  Hotel 
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Cyanobacteria  5 


Target: 

Brown  Cyanobacteria 

Size/Morphology: 

Small  encrusting 

GPS 

28-16.645  N 

177-22.049  W 

Depth: 

3.5  Feet 

Date: 

25  July  2006  @  10:45 

Dive  dist/bearing  from  boat: 

10  meter  NW 

Photo  # 

Img  0028. ing,  Img  0029. ing 

Spectrum  #: 

0088  -  m  1045 

80 

0089 1045 

70 

0090 1046 

90 

0091  -  @  1046 

75 

0092  -  @  1047 

75 

Surrounding  substrate: 

Iron  rafters  (see  notes) 

Notes:  Iron  rafters,  live/dead  coral,  Lyngbya  patches,  urchins,  rock  and  sand. 

Took  samples  and  placed  them  in  vials  (88-92)  as  sample  #  007. 

Reef  Hotel 

Evaluated  samples  as  Lyngbya  Majuscula 

102 


Cyanobacteria  6  (Above  Water  Sample) 


Target: 

Green  Cyanobacteria 

Size/Morphology: 

N/A 

GPS 

28-16.645  N 

177-22.049  W 

Depth: 

Date: 

25  July  2006  @  11:47 

Dive  dist/bearing  from  boat: 

Photo  # 

Img  0035. ins,  Img  0036.iDg,  Img  0037.iDg 

Spectrum  #: 

0098 1147 

260 

0099 1147 

280 

0100 1147 

0101  1147 

260 

0102 1148 

90 

Surrounding  substrate: 

Notes:  Took  a  large  sampling  of  suspected  Lyngbya  and  placed  it  on  the  deck  of  the  boat 
in  a  12  cm  radius  patch  and  took  spectra. 

From  Reef  Hotel 
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Porites  lobata  1 


Target: 

Porites  lobata 

Size/Morphology: 

Medium  encrusting 

GPS 

28-14.318  N 

177-19.243  W 

Depth: 

3.5  Feet 

Date: 

25  July  @  15:24 

Dive  dist/bearing  from  boat: 

4  meter  NW 

Photo  # 

Img  0038. ins 

Spectrum  #: 

0103 1524 

60 

0104 1524 

40 

0105 1524 

45 

0106 1524 

55 

0107 1524 

45 

Surrounding  substrate: 

Sand  and  rubble 

Notes:  Rubble  and  sand  dominate  area,  but  there  are  other  eoral  of  the  same  type  and 
size  within  the  outer  boundary  of  a  10  meter  radius. 

There  are  some  small  spots  of  the  blue  encrusting  coral  on  the  bottom,  but  rare. 
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Porites  lobata  2 


Target: 

Porites  lobata 

Size/Morphology: 

Medium  encrusting 

GPS 

28-14.318  N 

177-19.243  W 

Depth: 

5  Feet 

Date: 

25  July  @  15:25 

Dive  dist/bearing  from  boat: 

7  meter  NW 

Photo  # 

Img  0039. ina 

Spectrum  #: 

0108 1525 

75 

0109 1525 

60 

0110-@  1525 

75 

0111  1525 

60 

0112  -  (5),  1525  THROW  OUT 

Surrounding  substrate: 

Sand  and  rubble 

Notes:  Rubble  and  sand  dominate  area,  but  there  are  other  coral  of  the  same  type  and 
size  within  the  outer  boundary  of  a  10  meter  radius. 

There  are  some  small  spots  of  the  blue  encrusting  coral  on  the  bottom,  but  rare. 
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Porites  lobata  3 


Target: 

Porites  lobata 

Size/Morphology: 

Medium  encrusting 

GPS 

28-14.318  N 

177-19.243  W 

Depth: 

1.5  Feet 

Date: 

25  July  @  15:29 

Dive  dist/bearing  from  boat: 

5  meter  N 

Photo  # 

Img  0040. ina 

Spectrum  #: 

0113-@  1529 

50 

0114-@  1529 

85 

0115-@  1529 

40 

0116-@  1529 

60 

0117-@  1530 

40 

Surrounding  substrate: 

Sand  and  rubble 

Notes:  Rubble  and  sand  dominate  area,  but  there  are  other  coral  of  the  same  type  and 
size  within  the  outer  boundary  of  a  10  meter  radius. 

There  are  some  small  spots  of  the  blue  encrusting  coral  on  the  bottom,  but  rare. 
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Algae:  Laurentiaspp. 


Target: 

Algae,  Laurentia  spp.. 

Size/Morphology: 

N/A 

GPS 

28-14.315  N 

177-19.244  W 

Depth: 

1.5  Feet 

Date: 

25  July  @  15:44 

Dive  dist/bearing  from  boat: 

4.5  meter  S 

Photo  # 

Ime  00041. ina 

Spectrum  #: 

0118-@  1544 

60 

0119-@  1544 

60 

0120 1544 

60 

0121  1544 

60 

0122 1545 

80 

Surrounding  substrate: 

Sand  and  rubble 

Notes:  Rubble  and  sand  dominate  area,  but  there  are  other  coral  of  the  same  type  and 
size  within  the  outer  boundary  of  a  10  meter  radius. 

Took  a  sample  of  the  algae  just  for  general  purpose  and  placed  in  vials  (118-122)  as 
sample  #  008. 
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Green  Algae  (mixed  with  Cyanobacteria) 


Target: 

Green  Algae 

Size/Morphology: 

N/A 

GPS 

28-14.315  N 

177-19.244  W 

Depth: 

6.6  Feet 

Date: 

25  July  @  15:51 

Dive  dist/bearing  from  boat: 

6.6  meter  S 

Photo  # 

Img  0042. ins,  Img  0043. ing.  Img  0044. ing, 
Img  0045. ing 

Spectrum  #: 

0123-@  1551 

100 

0124 1551 

75 

0125 1551 

90 

0126 1551 

90 

0127 1552 

60 

Surrounding  substrate: 

Sand  and  rubble 

Notes:  Rubble  and  sand  dominate  area,  but  there  are  other  eoral  of  the  same  type  and 
size  within  the  outer  boundary  of  a  10  meter  radius. 

Took  a  sample  of  the  algae  just  for  general  purpose  and  plaeed  in  vials  (122-127)  as 
sample  #  009. 

Evaluated  as  a  mix  of  algae  and  possible  eyanobaeteria,  but  ineonclusive  on  all. 
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APPENDIX  C.  AVERAGED  SPECTRA 
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FIRST  DERIVATIVE  CHARTS 
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APPENDIX  E.  SECOND  DERIVATIVE  CHARTS 
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APPENDIX  G.  FOURTH  DERIVATIVE  CHARTS 
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